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PREFACE 


In recent years, interest in the chemistry of fats and other lipids has increased 
remarkably. Heretofore, emphasis in biochemistry has fallen in such areas as 
mineral metabolism, protein chemistry, vitamins, and hormones, and by 
contrast the field of lipids has been somewhat neglected. With the current 
intensified interest in biochemical and chemical problems of the lipids, it seems 
logical that the progress in the field be summarized periodically. 

The lipids are themselves a group of very diverse substances, grouped to- 
gether through association in nature and, traditionally, tnrough similar 
solubility characteristics, rether than through similarity in chemical structure. 
The modern methods applicable to separations, analysis, and characterization 
of lipid substances are likewise very diverse. Thus, the content of the Progress 
Series is of necessity heterogeneous. Any effort toward uniformity would defeat 
the purpose of the series—te bring together all available information on classes 
of substances and on modern techniques which may be of interest and use to 
lipid specialists. The chapters should be looked upon as short monographs 
collected in a volume for convenience. 

Chapters are solicited from recognized authorities in each field, and style 
and content are Icft largely to the authors. By this means the editors hope to 
obtain for the reader the most authoritative information and viewpoints on a 


given subject. They also hope thus to preserve originality and individuality 
in the presentations, qualities which are often lacking in scientific writing. 
Thereby, for the sake of freedom, some conformity and continuity are lost. 

The editors recognize a natural division of subject 1natter between chemistry 
and technology of fats. For this reason, technological advances will appear in 
a separate series entitled Progress in the Technology of Fats. 


March, 1955 Tue Epirors 


> 
. 
A 
‘ 


CONTENTS 


PREFACE 


PAKENTERAL ADMINISTRATION OF FATS 
Smith Freeman, Dept. of Biochemistry, Northwestern University 
Medical School, Chicago, Illinois, U.S.A. 


2 SOLUTIONS OF SOAP-LIKE SUBSTANCES 19 
G.S. Hartley, Pest Contra Ltd., Cambridge, England 


3 APPLICATIONS OF LOW TEMPERATURE CRYSTALLIZATION 
IN THE SEPARATION OF THE FATTY ACIDS AND THEIR 
COMPOUNDS 
J. B. Brown & Doris K. Kolb, Ohio State University, Columbus, 
Ohio, U.S.A. 
4 SYNTHETIC DETERGENTS 95 
W. Baird, Research Laboratories, Imperial Chemical Industries, 
Ltd., Hexagon House, Blackley, Manchester, England 


5 THE BIOCHEMISTRY OF FAT-SOLUBLE VITAMINS le 
Henrik Dam, Danmarks Telniske Hgjskole, Afdeling for Biokemi 


og Ernaering, Copenhagen, Denmark 


6 OXYGENATED FATTY ACIDS 213 
Daniel Swern, Animal Fats Division, Eastern Regional Research 
Laboratory, Philadelphia, U.S.A. 

7 Low PRESSURE FRACTIONAL DISTILLATION AND ITS USE 
IN THE INVESTIGATION OF LIPIDS 243 
K. E. Murray, Commonuealth Scientific and Industrial Research 
Organization, Melbourne, Australia 


8 FORMATION OF ANIMAL FATS 275 
F. B. Shorland, Dept. of Scientific and Industrial Research 


Organization, Wellington, New Zealand 


9 THE TRIGLYCERIDE COMPOSITION OF NATURAL FATS 327 
R. J. Vander Wal, Research Division, Armour & Company, 
Chicago, Illinois, U.S.A. 


10 SoME ASPECTS OF THE INTESTINAL ABSORPTION OF FATS 351 
Sune Bergstrém & Bengt Bergstrém, Medicinsk-Kemiska Institu- 
tionen, Lunds Universitet, Lund, Sweden 


METABOLISM OF THE STEROID HORMONES 
Leo T. Samuels, Dept. of Biochemistry, University of Utah 
Medical School, Salt Lake City, Utah, U.S.A. 


NAME INDEX 


SUBJECT INDEX 


vii a 
449 
466 
= 


AaES-J@RGENSEN, E. 186, 
195, 196 

Aas, K. 200, 201, 208, 
210 

Apzpottr, W. E. 446 


ABRAHAM, E. E. 237 
AcHava, K. T. 321 
Apams, R. 236 


Apicxes, F. 236 
Aprins, H. 238 
Axrsi, A. 239, 240 


AGGARWAL, J. §. 240 
AHMAD, K. 238, 360, 3589 
Aurens, E. H. 269, 270, 


271, 359, 389 
Axasu, M. 236 
ALBERT, A. 444 
ALBERTI, C. G. 
ALBERTI, G. 241 
ALBITSKY, A. 235 
ALEXANDER, C. 90 
AL¥Fin-SLATER, R. 269, 271 
ALLAN, H. D. 265, 272 


173 


ALLEN, W. M. 397, 441 
ALuIncerR, N. L. 273 


Atmquist, H. J. 165, 169, 
199, 204, 208 

Auscner, R. P. A. 
204, 209 

ALTHOUSE, P. M. 264, 265, 
266, 270, 271, 272 


Auttscnun, A. M. 442 
Ametunea, D. 436, 441 
Amery, A. H. 148 


Ames, D. E. 238, 360, 389 
Ames, S. R. 156, 159, 166, 
169, 192, 195 
Ammon, R. 365, 366, 389, 

393 
ANDERSON, 
ANDERSON, 


ANDERSON, R. B. 116, 148 

AnpDeRsoNn, R. J. 200, 208, 
236, 268, 270, 318, 
325 

Anperson, W. E. 306, 324 


Anker, H.S§. 288, 301, 321 
ANNAKER, E. W. 55 
ANNEGERS, J. H. 279, 319 
Anstow, W. P. 237 

Ant, M. 193, 195 
AposHIAN, H. V. 
Arret, H. 302, 

324 

ARCHIBALD, R. M. 


430, 444 
303, 304, 


365, 389 


166, 170, 


NAME INDEX 


Arens, J. F. 89, 90, 156, 
157, 169, i71 
ARMFIELD, F. A. 267, 272 


ARMITAGE, P. 176, 177 
ArmstTronG, H. E. 349 
ArmstTronc, W. D. 208 
ARNSHINK, L. 278, 319 
ArTaMonoy, P. A. 240 


Arrom, C. 286, 321, 353, 
365, 366, 372, 389 
ASAHINA, Y.. 236, 237 
AsHBuRN, L. L. 187, 197 
Asuworta, J. W. 442 
AsINGER, F. 118, 148, 149 
ASSELINEAU, J. 239, 240 
Astwoop, E. B. 415, 441 
ATHERTON, D. 349 
Aviv, W. H. R. 379, 389 
AULIN-ERDTMAN, G. 236 
Auttr, W. C. 94, 236, 348 
358, 390 


Axrtrop, L. R. 434, 441 
Ayo, J. 111, 147 

Basa, T. 11, 16 
BackperF, R. 325 
Backus, J. K. 36, 55 
Bapver, A. R. 238 
BAHLER, M. 236 

Baurs, A. M. 211, 212 
Bartey, A. E. 60, 71, 89, 


90, 93, 94 
Barrp, W. 146, 148, 151 
Baker, C. 446 
Baker, J. R. 280, 319, 353, 
388, 389 
Baker, R. F. 388, 392, 
Batpwin, A. R. 86, 91 
Bauica, M.N. 73, 83, 90, 91 
8. 156, 169 
A. 192, 197 
C. F. 211, 212 
Batts, A. K. 362, 366, 389 
Batmarn, J. H. 295, 322 
Bau7es, J. 


237, 241 
BaMann, E. 362, 389 


Bano, I. 320 

Banks, A. 329, 330, 348 
Bann, B. 150 

BARAKAT, M. Z. 240 


192, 195 
250, 273 
85, 91 
151 
349 


BARBER, M. A. 
BaRKENBUsS, C. 
BARKER, C. 
BarRKER, G. E. 
Barker, M. F. 


449 


Barnes. R. H. 181, 189, 
195, 197, 320, 321, 
371, 372, 389 
Baron, H. C. 8, 10, 17 
Barrett, A. W. 238 
Barrettr, H. M. 285, 286, 
320 
Barry, G. T. 
Barry, M. C. 
443 
BarTMax 14 
Barvucn, J. 


91, 261, 270 
424, 428, 441, 


239 


Basinskl, D. H. 192, 195 
Bassett, C. F. 176, 177 
Bates, R. W. 418, 441 
Baver, C. D. 211 
BavEr, F. X. %55, 391 
Bauer, K. H. 237 


Bauman, L. 353, 390 
Baur, F. J. 82, 91 
Baxter, J.G. 94, 155, 156, 
169, 171 
Bayuiss, M. J. 445 
Beatz, D. 398, 441 
Bearp, F. 315, 325 
Beck, L. W. 319, 356 357, 
370, 371, 392 
Becker, G. H. 5, 16 
Beckett, C. W. 273 
L. 296, 320, 
322, 323 
Beer, C. T. 419, 441 
Beeston, A. W. 321 
Benmsterm, E. L. 221, 
J. 389 
Brut, M. E. 353, 391 
Beit, A. 237 
Benepict, J. H. 356, 357, 
370, 271, 392 
PenGeEN, F. 269, 270 
Bznieno, P. 349 


2393 


BENNER, F. C. 250, 254, 
256, 270 
Bennett, L. R. 319, 371, 


392 
Benton, J. L. 267, 270 
Ben-Tor, V. 300, 323 
Brre, L. 248, 27 


BreroMAN, W. 172, 177 


Bercstrom, S. 226, 282, 
283, 284, 319, 320, 
355, 359, 360, 361, 
369, 372, 375, 376, 
377, 378, 379, 380, 
384, 389 


| = — 

| 

me 


Brrumcrr, D. L. 447 


BERNHARD, K. 278, 279, 
282, 283, 289, 301, 
303, 319, 320, 321, 
323, 324, 360, 377, 
379, 380, 382, 383, 
387, 389 

BerRnNsTEIN, 8S. 21] 

Berry, I. M. 9, 16 


Best, C. H. 285, 320, 321 


ReveripcE, J. M. R._ 189, 
197 

Beyer, K. 408, 441 

Buatracuarya, P. R. 240 


Bicxrorp, W. G. 236, 239, 


240 
Brety, J. 159, 179 
BrrrMan, H. R. 355, 389 
Bmuen, G. N. 236 


Buus, C. E. 172, 173, 177 


BInKuERD, E. F. 92 

Bircw, J. 148 

Brrcw, S. F. 124, 125, 149, 
246, 247, 249, 252, 


253, 267, 270 
Prrp, H. R. 186, 195 
Biscuorr, F. 413, 416, 422, 
441 
421,428,441 
Byarnason, O. B. 84, 91, 
348 
BJERKELUND, C. 
BsJOREMAN, A. 
BLACKMORE, B. 
Brake, A. 4, 17 
E. E. 238 
Buanc, 101 


205, 210 
248, 270 
208, 210 


BuaxTer, K. L. 184, 194, 
195, 197 

BLewett, M. 321 

Buss, A. F. 161, 163, 169 

3uIss, E. L. 446 

Biocu, K. 287, 288, 301, 
321, 322, 401, 402, 
403, 405, 441, 444, 
447 

BLoMsrrRanp, R. 355, 376, 


387, 389 


Broom, B. 281, 319, 320, 
376, 380, 389, 390, 
392 

Broor, W. R. 9, 14, 16, 
320, 349, 354, 372, 


375, 386, 389 
Buium, W. P. 

392 
BockeELMAN, J. B. 
Bocxniacr, B. C, 

442, 443 
Bopea, L. 


319, 357, 370, 


86, 92 


420, 441, 


358, 392 


Name Index 


&5 
237 


ScEDEKER, K. 
Boztsine, F. 
Boru, BH. 324 
Boussonnas, R. A. 
Boram, T. R. 55 
J. 358, 359, 377, 
390 
Bottey, D. S. 
J. L. 
210, 318, 


365, 390 


239, 240 
201, 203, 
320, 354, 


355, 374, 376, 390, 
392 
Boncarp, W. 305, 324 


Bonnorst, C. W. 264, 266, 


271 
Bocy, H. 256, 263, 271 
Borcstrom, B. 279, 281, 
282, 339, 320, 356, 
356, 357, 358, 359, 
361, 362, 363, 364, 
366, 367, 368, 269, 
370, 37:1, 372, 373, 
374, 375, 376, 377, 
378, 379, 380, 382, 
384, 389, 390 
Borranp, V. C. 191, 195 
BoswortH, A. W. 77, 91, 


236 
Bovecattt, J. 
Bornps, D. G. 360, 390 
Bourprer, L. 236 
BovutTwe R. K. 
Bovuveactt, 101 
Bowpen, R. C. 55 
Bowman, J. R. 246, 247, 

248, 219, 250, 271 
Bowman, N. J. 269, 273 
Bowman, R. E. 238, 240, 

241, 360, 389 
Boxer, G. E. 295, 322 
Boxp, H. M. 93 
Borer, P. D. 179, 195 
Brapiey, H. C. 386, 390 
Brapt, P. 263, 272 
Brapy, G. W. 55 
Bravy, R.O. 295, 322, 399, 

401, 403, 404, 407, 

441 
BRANDNER, J. D. 123, 147 
Branpot, H. 250, 272 
SRASCH, A. V. 256, 271 
Bratzrer, J. W. 310, 325 
Bravuse, R. 176, 177 
Bray, V. B. 90, 91 
Brekke, O. L. 91 
Breyt, J. A. Jr. 248, 271 
BRETTAUER, J. 388, 360 
Brecscn, F. L. 361, 390 
Brewer, A. K. 263, 271 
Brice, B. A. 358, 390 


236, 238 


175, 277 


Brion, A. 176, 177 
BrinkMan, J. H. 156, 169, 
171 


Brissaup, E. 
Brockett, 374 
Bropa, E. 
Brupe, W. R. 


176, 177 


162, 169 
83, 93 


Brooker, E. G. 325 
Brooks, R. E. 239 
Broome, F. K. 91 


Brow, P. L. Du 55 


Browers, R. E. 165, 169 
Brown, 374 

Brown, A. C. 74, 91 
Brown, C. B. 108, 147 


Brown, F. 184, 185, 195 


Brown, G. W. Jr. 323 
Brown, H. 447 
Brown, J. B. 60, 61, 52, 


63, 72, 74, 75, 76, 77, 
78, 72, 81, 82, 83, S4, 
88, 91, 92, 93, 94, 237, 
238, 268, 271, 325 


Brown, N. 434, 441 
Brown, P. K. 162, 163, 
164, 171, 172 

Brown, R. A. 165, 169 


Brown, 
3RowN, W. 


Brown, W. G. 


229, 238 
15, 16 
236 


Browne, J. 8. L. 405, 446 
Bruce, L. W. 321 
Bruce, R. A. 444 


BruGcen, J. T. van 323, 
442 

Brinccer, H. 445 

3runius, E. 161, 169 


Brunscuwic, A. 9, 16, 446 
Brunstruum, L. C. 249, 
257, 259, 273 
Bryson, M. J. 280, 319, 


376, 383, 393 
Bupy, A. M. 441 
Buensop, M. 373, 382, 390 
F. Z. 425, 441 
Buns, R. P. 200, 210 
Buttet, F. 283, 320 
Bumrvus, F. M. 238 
3UNKFELDT, R. 175, 138 
Bure, C. 188, 195, 325 
Burcess, J. F. 193, 195 


Burks, R. E. 238 

Burr, G. O. 94, 181, 189, 
195, 197, 238, 272, 
304, 320, 324, 349, 
371, 372, 389 

Burr, M. H. 324 

Burritt, M. W. 434, 441 

Burstein, 8. 432, 441, 445 


Burton, R. B. 447 


450 


D. 
. 
by 


Busan, I. E. 400, 410, 411, 
413, 414, 418, 441, 
446 

BusHELL, W. J. 348, 349 

Borer, A. M. 175, 178 

Bury, C. R. 54 

BUTENANDT, A. 173, 387, 
399, 427, 441 

Bott, H. R. 433, 441 

Butt, W. R. 398, 415, 441 


Buu-Hoi, NG. PH. 240, 241 
Brane, G. M. 362, 390 
Byron, E. 8. 271 

Byron, J. B. 247, 250 
Capiz, R. D. 55 


Cam, J. C. 320, 354, 355, 
374, 376, 390, 392 
Cauuison, E. C. 169 
Cattow, E. H. 312, 313, 
317, 318, 325 
Cattow, N. H. 425, 441 
Carvin, M. 360, 390 


Cama, H. R. 155, 156, 169 
Cama, J. S. 85, 91 
CAMERINO, B. 173 


I. G. 321 
CaMPBELL, J. 321 
CaMPBELL, J. A. 
Cannon, C. Y. 
Cannon, J. A. 
CANTAROW, A. 
CARLSTEN, A. 
389 
Carney, T. P. 244, 271 
Carr, M. J. 383, 393 
Carter, H. E. 241 
CaRTER, P. 442 
Caras, G. 2, 17 


161, 171 
194, 198 
59, 91 
420, 424, 441 
319, 355, 377, 


Caskey, C. 350 
Cason, J. 86, 91, 236, 238, 
259, 263, 266, 268, 


25 
271, 325, 357, 390 
E 


Casri, E. Y. 434, 442 
CaTuey, W. 323 
CavANAGH, B. 320 


Cawtey, J. D. 156, 171 

Cerceo, KE. 398, 412, 445 
Cerecepo, L. R. 165, 150 
Cuaixorr, I. L. 6, 12, 16, 


262, 272, 300, 301, 
319, 320, 321, 322, 
323, 324, 350, 372, 
374, 376, 380, 389, 
390, 391, 392, 393, 
401, 403, 404, 446 
CHAKRABARTY, M. M. 91 


CHannon, H. J. 285, 321, 
386, 390, 403, 442 
Cuannon, J. H. 353, 391 


Name Index 


CHAPPELL, J. W. 192, 197 

C. 238 

Cuarcorr, E. 236 

CHen, C. 86, 91 

CHenavier, P. 176, 177, 194, 
196 

Cuena, A. L. S. 319, 378, 
391 

E. 360, 382, 
391 

Cuernick, S. 296, 322, 
323 

Cuevatirer, A. 188, 195, 
306, 325 

Cuevrevut, M. E. 323 


Cuipnatt, A. C. 236, 239, 
240 
CuterFi, M. 193, 197 
Curxamort, N. 240 
Cuiesan, J. 12, 16, 320 
CutsuHcim, M. J. 92 
Critwoop, H. C. 150 
Cuorrm, J. 178 


CHRISTIANSEN, F. 184, 189, 


195 
CHRISTIANSEN, J. 54 
Cucir, P. 221, 237 


145, 148, 150 
90, 91 
268, 271, 405, 


Cauwata, A. 
Cistak, F. E. 
CriaEsson, S. 
442 
CLAIsEN, L. 
Cruark, G. C. 
Crank, L. C. 
CiausEN, M. 
Craycoms, G. K. 323 
Crayten, J. O. 150 
Coan, R. A. 91 
Coates, M. E. 158, 171 
Cory, W. E. 194, 198 
Cocan, G. 193, 196 
Cones, H. 418 
Couen, 8S. L. 419, 438, 442, 
445 
Conan, 8S. Q. 
Coun, E. J. 
COLLEATINE, G. FE. 
206, 219 
R.A. 282, 320, 360, 
372, 382, 390, 391 
Corti, B. 29, 55, 142, 146 
G. 348 


239 
146 
Jr. 429, 442 
181, 189, 197 


166, 169 
415, 442 


O08 
202, 205, 


Coutrs, F. D. 155, 162, 
163, 169 

Corus, H. S. 6, 16 

Coins, M. A. 346, 350 


Cotuinson, G. A. 386, 390 
Cotwetr, A. R. Jr. 320,390 
Comrort, M. W. 441 


Conepon, E. A. 2, 17 


Concuio, J. G. 321 

Conn, J. W. 442 

CoNSTANDSE, M. 445 

CoNsTANTIN, M. J. 279,319, 
355, 366, 370, 371, 391 

Coox, R. P. 278. 319 

Cooxz, N. J. 259, 271, 323 


CorpeLanpD, D. H. 189, 196 
R. L. 421, 442 
Corpine, J. Jr. 85, 91 


Cormier, M. 194, 195, 196 
CornrortH, J. W. 402, 442 
CornisH, E. C. V. 55 
Cornwett, D. G. 325 
Corr, M. L. 54, 55 
Cortese, F. 353, 390 
Coven, J. R. 176, 177 
Count, J. 247, 250, 271 
Courrrer, R. 422, 442 
Cowen, G. R. 319 
Cowie, A. T. 322 
CowLey,R.L. 248, 249, 271 
Cox, H. L. 238, 239 

Cox, R. i. 432, 442 


Craic, B. M. 273 

Craic, D. 59, 91 

Craic, L. C. 59, 91, 261, 
269, 270, 27), 359, 
389 

Cramer, D. L. 77, 91 

CRANDALL, W. A. 161, 171 

Cravens, W. W. 205, 209 

Cremiror, M. C. 7, 8, 16 


355, 391 
360, 390 

359, 390 

83, 85, 91 

236 

165, 169 


Cresson, S. L. 
Crompton, C. E. 
Cropper, F. R. 
Cross.ey, A. 
CROWDER, J. A. 
CROWELL, M. F. 


CRUICKSHANK, E. M. 176, 
177 

A. V. 248, 250, 
271 


C. C.. 315, 325 
Cutton, T. G. 186, 195 
Curtis, G. H. 365, 393 
Curtis, G. W. 90, 91 
Cyan, D. 193, 195 


Dart, F. S. 187, 197, 209 
S. 
195 
Darton, A. J. 
Datvt, P. D. 


338, 390 


155, 156, 


Dam, H. 184, 186, 187, 188, 
189, 190, 191, 193, 
194, 195, 196, 197, 
199, 200, 201, 202, 
204, 205, 206, 208, 


209, 210, 212 


sa 
| 
451 
: 


Dansy, M. 429, 442 
Dante, J. W. 387, 591 
Dantets, A. L. 350 
DaNNENBAUM, H. 437, 441 
DarRMSTAEDTER, L. 237 
Dasner. G. F. 365, 390 
Daster, W. 211 
Dastur, N. N. 
DavsBen, W. G. 


290, 321 
12, 16, 262, 


271, 272, 288, 300, 
301, 319, 320, 321, 
323, 350, 360, 361, 
376, 389, 390, 404, 
446 

Davsert, B. F. 84, 85, 86, 
87, 91, 92, 93, 330, 
331, 348 

DavcHapay, W. H. 430, 
442 

Davip, K. 359, 442 


Davipson, C. S. 6, 16 
Davies, A. W. 188, 196 
Davis, R. E. 324 
Davis, R. H. 360, 392, 393 
Dawson, C. R. 150 
Dawson, E. R. 363, 390 
Day, H. G. 160, 170 
Dean, H. K. 330 
DEaATHERAGE, F. E. 
Desrek, R. 176, 
DesyeE, P. 
Decker, A. B. 
Decrease, W. 9, 15 
De Gray, R. J. 72, 9) 
De Haas, B. W. 360, 361, 
393 


93, 238 


R. 238 
J. 240 
Decor, R. A. 211 


De Moise, A. W. 72, 91 


De Movrtier, J. 169 

Denton, A. E. 355, 390 

DESNUELLE, P. 235, 237, 
279, 319, 355, 356, 
359, 366, 367, 370, 


371, 390, 391, 393 


Dessert, A. M. 192, 197 

Devet, H. J. Jr. 177, 198, 
209, 221, 308, 319, 
325, 339, 331, 348, 
391 

Deve, H. J. 155, 157, 158, 
159, 160, 169, 170, 
171, 172, 259, 271, 
352, 361, 375, 378, 
391 

Devine, J. 386, 390 

Dewar, M. J. 8. 235 

Dewar, M. M. 175, 177 

Duinora, D. R. 348 


Name Index 


Diczratusy, E. 398, 442 


Diericus, W. 239, 240, 
241 
K. 173 


Drvarpo, A. 250, 254, 256, 


257, 270 


DINGEMANSE, E. 442 
Dixnexc, J. S. 193, 196 
Drxow, J. A. 94, 236 
Dixox, O. G. 251, 271 
Dsc, M. Y. 193, 197 
Dosrirer, K. 400, 426, 
437, 441, 442, 443, 
444, 445, 446 
Doerscuek, A. P. 84, 85, 


91, 330, 331, 348, 360, 
382, 391 
Doisrty, E. A. 397, 420, 
44], 442, 443, 444 
Dotiear, F. G. 94 
Domask, W. G. 269, 272 
DoxaLpson, J. 92, 269, 
271 
F. 9, 17 
Donk, E. C. Van 
Doxrovan, P. B. 
Dorrman, L. 211 
Dorrmuan, R. I. 416, 425, 
427, 437, 441, 
442, 443, 445 
Dorp, D. A. van 839, 
156, 157, 169, 171 
Dosne, C. 424, 442 
Doss, M. P. 22] 
Dostrovsky, I. 


4985 
0, 


96, 


251, 271 


DracstepTt, L. R. 321 
N. A. 443 
Drecer, E. E. 126, 149 
Drester, D. 173 


Drew, D. A. 86, 91 
J. C. 353, 391 
Dsai-Cuwen Dsv_ 6, 11, 17 
Dc Brow, P. L. 93 
Decxerr, F. 205, 209 
Dcurrenoy, J. 208, 210 
Dumas, 101 
Dencanx, W. R. H. 282, 320 
Dcxcouse, W. G. 322 
Duxuam, L. J. 9, 16 
Dcxs, H. C. 85, 91 
E. F. 240 
DcRRENBERGER, L. 81, 93 
Dcutron, H. J. 59, 85, 91, 
269, 357, 393 


Dycnernorr, H. 205, 210 

Dre, W. 3S. 55 

Drceve, H. V. 206, 207, 
208, 209 

Earnie, F. R. 72, 73, 91 


452 


Earty, F. 12, 17 
Eserie, A. 237 
Eckert, A. 237 
Eckster, H. C. 
355, 391 
Eppy, C. R. 236, 325 
Epen, E. 159, 169 
Epncar, D.G. 399, 445, 416, 
441 
Epixorr, M. L. 441 
Epissury, J. R. 155, 169 
Epwarps, P. W. 91 
Ecer, W. 350 
EGGENBERGER, D. N. 
64, 91 
Erx-nes, K. 413, 414, 416, 
434, 436, 442, 446 
Ernarson, L. 185, 196 
Exvsert, J. P. 272 
Exxes, J. J. 2, 16 
Exuiotr, W. H. 441, 443 
Ex Manpi, M. A. H. 353, 
386, 391 
Emer, O. C. 
Espen, S. R. 


321, 324, 


55, 


$1, 92 
306, 322, 325 


Ex-SHaz_y, K. 297, 299, 
323 

EvvenJem, C. A. 166, 170, 
195, 197, 295, 209, 
325, 355, 390 

Ext-Wanas, M. F. A. 240 

EMBREF, N. D. 156, 157, 
163, 169, 171, 264, 
271 


Esmmens, C. W. 421, 442 
ENGEL, C. 167, 16S 
EnceL, E. 
K. H. 
Encet, L. L. 418, 442 
P. 424, 44% 
ENGELBRECHT, H. J. 
Encuisn, E. 159, 170 
ENTENMANN, C. 6, 12, 16, 
320, 321, 323, 376, 
389, 343 
Erickson, E. M. 
Esarov, V. I. 237 
Eskew, R. K. 91 
N.C. 159, 172 
Evcster, C. H. 7 


90, 91 


150 


190, 197 


Euw, J. v. 446 
Evans, C. L. 349 
Evans, H. M. 184, 196 


Evetyn, K. A. 446 

Evers, E. C. 55 

Ewan, M. A. 94 

Ewer, T. K. 176, 177 

Eytenpure, 166, 
204, 210 

Eyre, J. V. 349 


172, 


Sees 

4 
« 
\ 


Fasiscn, W. 349, 367, 391 


Fazans, 8. S. 433, 442 
Fautck, B. 405, 442 
Fanti, P. 205, 209 
Farser, M. 211 
Farser, M. C. 185, 196 


Farmer, E. H. 229, 236, 
263, 267, 271 

Farr, A. L. 442 

Farrar, K. R. 155, 169 

G. L. 413, 446 

Favati, V. 441 

FavarRcer, P. 282, 320, 
360, 3725, 373, 382, 
390, 391 

FeLpMAN, J. 272 

N. V. 74, 91 

Feurx, K. 350 

E. 446 

Fetts, J. M. 322 

Fenn, H. N. 237 

FERNANDES, J. 359, 377, 
380, 381, 391 

Ferranpo, R. 156, 170, 


176, 177, 194, 195 
Ferry, R. M. Jr. 6, 12, 
17 
Fevce, R. O. 81, 91, 94 
Fienp, E. T. 91 
M. C. 55 
Fieser, L. F. 353, 391, 403, 
442 
Fieser, M. 
Firer, L. J. 
Firtervp, D. L. 
391 


353, 391 
193, 194, 158 
357, 359, 


Fixpiey, T. W. 94, 236 
Fixe, J. 320 

Fink, H. 189, 196 
FiscHer, C. J. 177 
Fiscner, H. W. 89, 91 
Fisn, C. A. 436, 443 
Fisn, P. A. 380 

Fisu, W. R. 437, 442 
Fisuer, E. A. 349 
Fisuer, L. 203, 210 
FISHLER, 374 

Fisker, A. N. 194, 197 


Fircn, J. B. 194, 196 
Fuetrr, L. 145, 150 
Frock, E. 277, 285, 318 
Frock, E. V. 320), 355, 374, 
376, 390 
Froyp, N. F. 
Fruuman, C. F. 
Foxtn, S. 237 
Fottey, S. J. 
295, 322, 
Forses, T. R. 
443 


321 
413, 443 


287, 290, 294, 
383, 392 
413, £15, 416, 


Name Index 


Foxpzam, W. D. 238, 240, 
241 
Fore:., M. M. 206, 209 
Foreman, H. D. 61, 62, 63, 
79, 81, 82, 91, 268, 
271 
Forsanper, O. 
Foster, N. G. 
Fox, H. H. 208, 
Francis, F. 323 
Francis, J. 200, 
Frank, C. 4, 17 
Frank, O. 375, 383, 391 
Franke, J. S. 82, 91, 92 
Fraps, G. 8. 160, 170 


175, 178 
250, 271 
209 


209 


Frazer, A. C. 2, 16, 279, 
280, 283, 313, 319, 
320, 350, 355, 354, 
362, 366, 370, 375, 
378, 379, 386, 387, 
391 


Frear, D. E. H. 91 

Freep, A. M. 211 

FREEMAN, L. W. 7, 14, 16, 
17 

FREEMAN, S. 4, 6, 7, 9, 10, 
375, 376, 391 

Frzncn, J. M. 387, 391 


Frenco, T. H. 250, 291, 
294, 301, 322, 384, 
391 

Freup, J. 442 

Faecre, B. T. 150 


Frey, C. N. 166, 170, 204, 
209 

Fripericia, L. S. 161, 169 

Friepreicw, A. 238 

Fries, B. A. 372, 391 

Frisss, S. L. 235 

FRITTZWEILER, R. 348 

Frost, D. V. 3, 5, 10, 16 

Frosteck, F.C. J. R. 240, 
241 


Fry, E. G. 445 


Fccurrt, R. E. 256, 272 

Fusimoto, G. I. 424, 442, 
447 

FuxKusuma, D. K. 433, 443, 
444 


Funke, O. 388, 391 


Fusart, S. A. 87, 92, 238 
Gace, S. H. 350 
GatL, R. 236 


GALLAGHER, T. F. 424, 427, 


433, 437, 441, 443, 
444 
Gatiup, W. D. 350 


237 


GaNEFF, G. 


Ganouty, J. 158, 159, 160, 
169, 170, 171 
GarpNER, H. A. 238 
F. M. 64, 92 
Garton, G. A. 194, 196, 
282, 312, 320, 325 
Gasser, H. 8S. 386, 390 
Gassner, F. X. 400, 433, 


443 
Gavin, G. 295, 321, 322,323 
GEBHART, ARTHUR I. 94, 
239 
Gee, M. 323 
Greer, W. A. 321 
GeIcER, A. 200, 209 
T. 209 
Geist, G. 236 


Gets, J. 151 


GEMZELL, C. A. 412, 443 
GenstER, W. J. 360, 391 
GERBER, C. 349 
GEReEcHT, J. ¥. 94, 239 


Geruacnh, J. 373, 391 
Geriéczy, F. 194, 196 
GersuHorr, 8. N. 355, 390 
Gever, R. P. 3, 5, 6, 7, 9 
10, 11, 12, 13, 14, 16, 
17, 175, 177, 360, 320, 
323, 361, 391 
Gipez, L. I. 319, 360, 380, 
382, 383, 391, 392 
GILBERT, J. H. 286, 321, 
349 
E. F. 320 
Guz, A. BE. 323 
Grumorg, L. O. 
GITTLEMAN, LF. 
Given, P. H. 244, 
GLANZMANN, E. 1 
Guascock, R. F. 
392 
GLAVIND, J. 187, 193, 196, 
197, 202, 204, 209 
W. W. L. 355, 391 
Guicx, D. 361, 392, 393 
Guioor, U. 387, 389, 392 
GLover, J. 156, 165, 169, 
174, 177, 443 
Guover, M. 174, 177, 403, 
443 
Gitynn, L. E. 
N. N. 


194, 196 


i89, 196 
349 


GOoDEVE, 2. 162, 169 
Gopin, G. W. 271 
GopLewskl, E. 349 
Goetrtscn, M._ 187, 195, 197 


445 
187, 


M. W. 
H. 
196 
P. L. 


189, 


149 


: 
le . 
453 
i 


Gotpman, D. S. 284, 300, 
320, 323 
GoupsteIn, F. 355, 391 


Gotvumsic, C. 81, 92, 184, 
196 


N. 116, 148 
Gomez vet Rio, G. 2, 17 
Gomort, G. 365, 392 
Goncora, J. 444 
Gooprxe, C. M. 161, 170 
Goopianp, R. L. 193, 198 
GooppasturE, W. C. 321 


Goopwin, T. W. 156, 157, 
162, 169, 171 


Gorvon, H. H. lI, 16 
Gorens, S. W. 13, 16 
GoruamM, J. R. 195, 196 
Gorton, G. A. 85, 92 
Gosney, H. W. 349 


GortrriepD, S. P. 159, 170 
Goucnu, N. 423, 444, 446 


Gras, W. 173 
Grap, B. 445 
Gravy, H. J. 424, 443 
GraHamM, W. 156, 169 


Grauam, W. R. Jr. 322 

Gram, G. F. 323 

Gram, H. 194, 196 

Granapos, H. 184, 186, 
187, 188, 189, 195, 


196. 204, 209 
GRANDJEAN, 51 
GRANGER, B. 
GRANT, J. K. 
Gray, C. L. 441 
Gray, F. V. 293, 322 
Gnarpon, W. F. 54 
GreEEN, A. A. 54, 445 


388, 392 
425, 443 


Green, L. E. Jr. 250, 271 
GreEN, N. D. 237 

GreEeEN, T.G. 227, 325, 349 
GREENBERG, D. M. 174, 177 
GREENBERG, I. 188, 196 
GREENBERG, 8S. M. 169, 169 
GREENE, R. R. 434, 441 
GREENLEF, K. W. 92, 238 
GREENSPAN, F. P. 236 
Greep, R. O. 177 

Greer, R. B. 193, 198 
GresHaM, W. F. 239 


GrRIEGER, 39 


GRINDLEY, J. H. 320, 354, 


355, 374, 376, 390, 
392 
Grirp, V. 246, 247, 249, 


252, 263, 267, 270 
YROEN, J. 349 
Groacains, P. H. 148 
GrossBera, A. L. 362, 392 
Grossman, M. I. 5, 9 16 


N ame Index 


Groser, M. 295, 322 
Grun, A. 237 
Grunpy, H. M. 400, 443 
A. 178 
GucGENHEIM, K. 295, 322 
Gurron, L. P. 208, 210 
Gutuicxson, T.W. 194,196 
Gunpvez, B. G. 348, 349 
GunsTonE, F. D. 75, 85, 
92, 237, 240, 241 
Ginruarpb, H. H. 241 
Gupta, S. 84, 92 
Gupta, 8. C. 240 
Gurra, S. 8. 32€ 
Gurin, S. 295, 
441 
Gyorey, C. F. 16] 
Gyoércy. P. 161, 187, 189, 
193, 196, 198 


322, 401, 


GrotvuKo, K. 261, 392 
HaAENSEL, V. 149 
Harnes, W. J. 403, 409, 


411, £12, 443 
Hatier, A. 58, 92 
Hatter, H. L. 237 
Hartrman, L. F. 169 
Hairin, J. G. 205, 209 
G. D. 55 
Hatverson, 17: 
Hasutton, B. 175, 1 
Hamitton, J. B. 425 

442 
Hamuet, J. C. 155, 169 
HAaMMARSTEN, O. : 
HAMMOND, J. 318, 349 
HaneEEF, M. 348 
Hawiscu, G. 399, 441 
HANSEN, C. 325, 252, 356, 

392 


Hansen, L. P. 441 

Hansen, R. P. 73, 84, 92, 
259, 271, 297, 321, 
323, 325 

Hansen, S. F. W. 321 

Hanstey, V. L. 146 

Hanson, C. 312 

Hanson, H. T. 181, 189, 


195 
Harpy, J. O. 
Harpine, B. W. 
HARDWICKE, Ss. 

205, 209 
Harrenist, E. J. 
HarGREAVES, G. H. 
Haritron, L. B. 444 
Harkins, W. D. 54, 55 
Harkness, E. V. 446 
Harris, B. R. 147 
Harris, J. 92 


190, 196 
434, 444 
HooKeER 


271 


237 


454 


Hargis, L. E. 176, 177 

Harazis, P. L. 156, 159, 
166, 169, 179, 190, 
191, 193, 194, 1936, 
198 

Harris, P. N. 211 

Harris, R. 8S. 209, 210 


Harrison, H. C. 175, 177 
Harrison, H. E. 175, 177 
Haxnrison, G. 164, 
J. B. 241 
Hart, E. B. 175, 177, 325 
Hartiey, G. S. 29, 33, 34, 
39, 42, 43, 54, 55, 147 
Harman, L. 315, 325 
HarTMANN, M. 398, 443 
HARTMANN, S. 187, 193, 196, 
197 
Harrop, W. L. Jr. 
Harrsovaeu, G. R. 
197 
Harvey, C. E. 148 
Harwoop, H. J. 64, 65, 66, 
67, 91. 92, 93, 94 
Haskins, A. L. Jr. 444 
Hastewoop, G. A. D. 
Hatt, H. H. 
271 
Hauser, C. R. 
HavusMann, E. 173 
HausMANN, W. 271 
Havusser, J. 237 
Hawk, C. D. 149 
Hawke, F. 82, 92, 223, 237 
J. E. 248, 271 
Hay, J. D. 209 
Hayaxo, M. 409, 410, 412, 
443 
Haynes, R. 411, 443 
Hazura, K. 238 
Heatey, J. E. 355, 391 
Hrarp, D. H. 189, 196 
Hearp,R.D. 404, 405, 412, 
439, 443 


445 
195, 196, 


173 
250, 261, 266, 


240, 241 


Hecut, S. 161, 164, 169, 
170 

Hecuter, O. 400, 405, 408, 
410, 434, 442, 443, 
444, 447 


Hecker, J. C. 
Heetuer, M. R. 
HEIDELBERGER, C. 
Hersron, [. M. 
HEINEMANN, S. D. 
HELD, E. 207, 209 
Hetiter, C. G. 421, 
443 
HeEtumaAN, L. M. 
M. L. 
G. E. 236 


264, 271 
236 
390 
157, 170 
241 


99 
422, 


208, 209 
408, 443 


| : 


Hemineway, A. 321 

Hensest, KH. B. 155, 169 

Henverson, J. L. 85, $2, 
93 

HENKEL, 102 

W. 350 

Henriques, V. 312, 325, 
386, 392 

Henry, K. M. 175, 177 

Hentricx, W. 150 

Hers, 8. F. 84, 92, 93, 167, 
170, 269, 271 

Hersst, E. J. 166, 170 

Herman, H. A. 158, 171 

HERMINGHAUS, 237 

Hess, W. C. 359, 392 

Hester, H. R. 318 

Hevvet, F. A. VAN DEN 
263, 267, 271 

Heynincen, W. E. V. 359, 
392 

Heywoop, A. 359, 390 

Hickman, K. C. D. 190, 
194, 196, 246, 247, 
250, 253, 256, 264, 


271 


Hicerns, J. W. 278, 319 
Hicuet, 251, 271 
HILDEBRANDT, F. 397, 446 


Hirvircn, T. P. 58, 73, 74, 


324, 325, 329, 330, 

333, 336, 348, 349 
Hau, T. 389 
Hriuarp, N. A. 405, 442 
P. 189, 196 
Himvwicn, 374 
Hivsnaw, E. B. 93 
Hrrat, H. 237, 240 
Hrxon, A. N. 91, 92 
Hrxon, A W. 86, 192 
Hyarve, W. 161, 170 
HOAGLAND, R. 278, 319 
Hock, A. 189, 196 
H. C. 163, 171 
Hoercer, E. 262, 271, 321 
Hoerr, C. W. 61, 64, 65, 

66, 67, 92, 93, 94 
Hoerr, O. W. 55 
Horr-JO@GENSEN, E. 177 
Horrman, M. M. 446 
HorrmMan. O. 355, 391 
HormMann, H. 409, 443 
Hormann, K. 259, 271 
Horsrer, B. H. J. 365, 392 
Hoécpere, B. 442 


Hocan, A. G. 


Name Index 


165, 170, 177 
Hocan, K. J. 325 
Houpez, D. 84, 92, 239 
Houproyp, R. 122, 149 
V. P. 446 
Houm, E. 161, 169, 170 
Hoitm, M. M. 122, 149 
Houtman, R. T. 59, 92, 94, 
188, 191, 192, 196, 
268, 269, 270, 271, 
272, 304, 305, 324, 


HouimsBerc, Joun 92 
Houmes, A. D. 319 
Hotr, L. E. Jr. 2, 6, 16 
Hotwerpa, K. 364, 392 
Hoosctanp, C. L. 365, 393 
Hook, E. van 203, 210 
Hooxer, C. W. 413, 415, 
416, 443 
Hepxins, C. Y. 
Horre-S©y ter, F. 
Horeav, A. 442 
Horn, C. L. 148 
Horn, D. H. 
268, 272 
HortTsMann, P.M. 436, 446 
Horwirt, M. K. 319 
Hovcuin, O. B. 192, 196, 
322 
Hovet, R. 176, 178 
Hovecen, F. W. 239, 240, 
268, 272 
HovucsTen, E. 442 
Hovtsrooke, A. 324 
Hove, E. L. 189, 190, 191, 
196 
Howarp, G. A. 359, 392 
194 
Howton, D. R. 324, 360, 
292, 393 
Hoyt, L. F. 146 
Hvuanea, R. L. 447 
Hvussparp, R. 162, 163, 170 
Hipener, H. J. 441 
Huser, W. 208, 209 
Huser, W. F. 23 
Hupson, F. P. 208, 209 
Hopson, P. 445 
Hurrman, C. F. 
Hva, E. 319 
HucuHes, E. W. 55 
Hvucues, J. 8. 194, 198 
Hvucues, R. H. 380, 392 
Hvucues, W. L. Jr. 442 
Hume, E. M. 324 
Hvusme.u, J. P. 192, 195 
Humvuries, E. C. 350 
Houmpnurirs, P. 444 
Hounspircker, H. 238 


82, 92 
352, 392 


239, 240, 


306, 325 


455 


Hunter, G. D. 291, 301, 
322, 442 
Houwyter, M. J. 237 
Hunter, R. F. 158, 170 
Huntsmsy, M. E. 285, 321 
Hurn, M. N. 207, 210 
Hussey, C. V. 205, 210 
Horcuens, T. T. 323 
Hu-Waneo, H. 205, 209 
Hyatt, R. C. 136, 150 


L. 358, 393 
IcHaPporREA, M. B. 349 
Ixawa, M. 240 
InzorFen, H. H. 157, 170 
Inove, Y. 88, 92, 94 
Ionescu, M. V. 358, 392 
IRREVERRE, F. 200, 209 
Irvin, J. O. 174, 178 
Irvin, W. H. 186, 197 
Inwin, M. H. 319 
Ister, O. 155, 170, 199, 
202, 209 
L. 420, 443 
IsstporipEs, A. 184, 197 
Ivanow, 8S. 349 
Ivy, A. C. 9, 16, 375, 376, 
391 
Iwen, M. H. 237 
Izzo, P. T. 150 
JaaRMA, M. 365, 357, 389 
Jack, E. L. 85, 92, 93 
Jackson, C. M. 191, 195 
Jackson, D. R. 150 
Jackson, F. L. 86, 52, 93, 
348, 350 
Jacost, H. P. 
Jacoss, R. 443 
Jacoss, T. R. 
JACOBSEN, R. P. 
Jacques, J. 442 


192, 197 


251, 271 
443, 444 


Jaun, A. 240, 241 
James, A.T. 27f, 272, 359, 
392 


James, E. M. 85, 93 
James, L. E. 176, 177 
Jamieson, G. 8. 349 
JAQUES, L. B. 202, 209, 210 
JasPeRsSON, H. 237 


Jeantoz, R. W. 498, 443, 
444 
Jerrries, W. Mcx. 446 


JENEINS, G. N. 321 

Jensen, W. L. 150 

Jessen, K. E. 193, 196 

Jessop, A. 8S. 318, 321, 
325 

Jessop, W. J. E. 175, 178 

JouANNESON, D. L. 84, 94 


75, 83, 84, 85, 90, 91, 
92, 237, 239, 252, 267, 
o7 92 9 ‘ 
271, 289, 293, 297, 
‘ 303, 307, 309, 312, 
315, 320, 321, 322, 
4 


Jounson, A. W. 235 
Jounson, B. B. 444 
Jounson, C. S. 94 


Jounson, R. H. 412, 443 
Jousson, V. 4, 7, 14, 16, 17 
Jounson, W. a. 6, 7, 19, 


1], 13, 16 
Jonnson, W. F. 54 


Jounston, ©. G. 443 
Jounston, S. A. 55 


Jones, E.C. 312, 325, 348 
Jones, E. R. H. 155, 169 


Jones, I. H. 149 
JONES, J. P. 148 
Jones, R. G. 238 


Jones, W. C. Jr. 
271 
Jones, W. E. 157, 170 
JorvDAN, E. F. Jr. 93, 237 
JorDAN, T. E. 145, 150 
Joserpns, H. W. 167, 170 
Jost, W. 250, 272 
JOUANNETEAU, 156, 170 
Jucker, E. 157, 170 


248, 250, 


JCUNGERMANN, E, 239, 240 

JUNGHERR, E. 187, 195, 
197 

JUrcens, R. 209 

Jcrist, A. E. 237 

Kanter, H. 390 

KAHNKE, J. 208 

Kaunt, F. W. 409, 443 

Kaiser, E. 211 


Katey, M. V. 
Kaner, H. VAN DEN 
377, 391 


190, 196 
359, 


Karnovsky, M. L. 89, 93, 
319, 360, 380, 382, 
383, 391, 392 

Karrer, P. 157, 170, 200, 
269 

Karrna, A. R. S. 308, 325, 
329, 331, 332, 333, 
334, 335, 336, 337, 
338, 339, 340, 341, 
342, 343, 344, 345, 
346, 347, 348, 349 

KASLBEEK, F. 192, 197 

Kass, J. P. £38 

Kasrens, M. L. I11, 146, 
147 

KaATHEN, H. 355, 392 

KATHERMAN, R. 441 

Katsu, §. 412, 443 

Katscumata, H. 92 

KavurMann, H. P. 84, 93, 


237, 241 
Kaunitz, H. 
Kay, J. H. 


167, 176 
192, 196 


Name Index 


Kee.ine, W. O. 90, 93 


Kem, W. 324 
Kewuer, M. C. 84, 93 
Ketiey, B. 160, 170 
Ketty, K. H. 355, 389 


KemMereER, A. R. 160, 170, 
171 

KENDALL, 399 

KEeNNEEY, E. P. 324 

Kepier, E. J. 438, 444 

Kern, J. G. 149 

Keston, H. D. 321 

KEUTMANN, E. 447 

Kuan, N. A. 88, 93, 238 

KILPATRICK, J. E. 272 


Kino, A. E. 
Kina, C. G. 


186, 196 
86, 93, 94, 361, 


392 
Kino, G. 235, 237, 239 
Kinney, T. D. 3, 6, 10, 16 
Kirk, J. E. 193, 196 
Krrscuer, J. E. 120 
R. E. 93 


445 


281, 


KiTTINGER, J. W. 
Kryasv, J. Y. 

380, 392 
KiankeE, E. 240, 241 
KLEIBER, M. 322 
Kiem, A. 301, 324 
Kienk, E. 237, 305, 

386 
Kievens, H. B. 
Kum, G. I. 149 
Kuimont, J. 348 
Kuose, A. A. 204, 208 
W. 299, 323 
Kwaro, G. 239, 240 
Knicuat, H. B. 83, 93, 94, 

236, 237, 325 
Knosiocn, H. 178, 198 
Knoptr C. B. 322 
Knoop, 300 


320, 


324, 


94 


Know es, D. C. 11], 148 
Kose, K. A. 269, 272 
Koper, S. 418, 443 


Kocn, F. C. 413, 444, 447 
Kocuakian,C. D. 424, 429, 
430, 442, 444 
Kopicek, E. 176, 177, 178 
Koeuter, A. 258 
KoEHNE, M. 2, 16 
J. B. 240 
M. F. 306, 324 
Kos, D. K. 67, 68, 70, 79, 
93, 268 
Koiuer, F. 200, 201, 205, 
206, 207, 203 
K6LuIkerR, A. 388, 392 
Koutrnorr, I. M. 54 
Komaroy, 8. 362, 365, 392 


456 


Kon, S. K. 158, 159, 173, 
175, 177 


Koorsnan, P. L. 126, 149 
Koos, R. E. 236 
Kornsperc, A. 204, 209, 


369, 382, 392 
Kornivova, Y. I. 238 
KonsHak, V. V. 237 
Kostauik, M. 208, 210 
Kow, K. 176, 177 
Krart, L. M. 6, 16 
KrAnuinc, K. 392 
Kramer, B. 159, 170 
Kramer, M. G. 146, 150 
Kramer, W. 322 
KRANSHAAR-BALDAUF, E. 


443 
Kraos, C. A. 39, 55 
Krause, R. F. 158, 159. 


160, 170, 171 
Krevucuunas, A. 240, 241 


Krewson, C, F. 73, 93 
KricHevsky, T. H. 446 
Kriecer, C. H. 175, 178 
Krinsky, N. I. 159, 160, 
169, 170 
Kroecer, H. 211 
Krukovsky, V. N. 325 
Kruse, I. 186, 187, 195, 
199, 201, 205, 209, 
210 


W. 162, 170 
Kvuurt, N. H. 319, 
370, 392 
IWUIKEN, K. A. 383, 393 
Kurz, P. F. 237 
Kuwaba, 8. 236 
Kvornineo, S. A. 
T. I. 444 


357, 


195 


Lacey, F. E. 
LAEVERENZ, P. 
LAIGNEL-LAVASTINE, 
404, 444 
Larne, M. E. 
Lator, R. J. 195, 197 
LAMBERT, G. F. 5, 10, 16 
LambBou, M. 71, 94 
Lamp, B. G. 361, 393 
LANCASTER, C. R. 91 


85, 93 
362, 389 
M. 


54, 55 


Lancpon, R. G. 403, 444 
Lancwortny, C. F. 319 
LANNING, H. J. 146 
Lanssury, J. 211 
Lapwortn, A. 239 
LaqueurR, E. 442 

LarsEN, E. H. 205, 206, 


209 
LaRSEN, N. 189, 197 
LARSEN, R. G. 267, 272 


~ 

i> 
A 
4 4 5 


LasaTerR, M. B. 443 
H. G. 201, 209 
Lata, G. F. 405, 446 
LatscHar, C. E. 194, 198 
3.6. 877, 296 
LavcreLtL, C. B. 373, 374, 
392 
P. A. 
Lacrizg, R. 256, 
la 
Lawes, J. B. 286, 321, 349 
Lawson, G. M. 207, 210 
Layton, L. H. 55 
Lea, C. H. 309, 325, 348 
Lesionp, C. P. 420, 444 
Le Bovutcu, N. 178 
Leppy, J. A. 203, 210 
Leppy, J. E. 210 
LeperRER, E. 239, 240 
ize, C, C, 262, 209 
F. E. 208, 209 
Lexuxincer, A. L. 300, 324 
Levorr, L. F. 300, 324 
Lemon, H. M. 430, 447 
Lexox, H. W. 83, 93 
LeoscukE, W. L. 195, 197 
Lepkovsky, S. 93, 184, 196 
Lercn, P. 208, 210 
200, 320, 323 
Lesesxe, S. D. 249, 250, 
272 
Le Scecr, H. R. 237 
LescK, A. 236 
Letrre, H. 240, 241 
Levcsr, W. 2, 16 
Lecrscuer, J. A. Jr. 444 
Levepant, B. H. 429, 444 
Levene, P. A. 237 
P. 211 
Levine, J. 263, 273 
Levine, R. 238, 240, 241 
Levine S. Z. 11, 16 
Levires, S. 369, 392 
Levy, H. 408, 442, 
$44 
J. 58, 93 
Lewis, L. 202, 209 
Lewis, L. A. 445 
Liese, E. 179, 195 
LIEBERMAN, S. 417, 
421, 426, 428, 
437, 438, 442, 
446 
Lirscnt'1z, J. 
Licart, R. F. 
209 
Licutuetm, S. P. 240 
Liuir, R. D. 187. 196 
G. J. 205, 209 


443, 


418, 
432, 
444, 


237 


166, 170, 204, 


Name Index 


Lrypax, O. 190, 197 
Urspsersc, M. C. 443 
Lincaretter, E. C. 55 
Lixsteap, R. P. 360, 390 
Lissast, K. T. 55 
Littis, N. H. 401, 402, 444 
Lrrrie, J. M. 355, 392 
M. 174, 179 
Lioyp, B. J. 390 
Locntr, H. L. 249, 
272 
E. E. 
210 
Lockwoop, W. H. 147 
Loeticrer, A. 205, 209 
Loewy, A. L. 14, 17 
Locax, R. L. 239, 240 
Loizives, P. A. 321 
LompBarp, F. 240 
Lonc,C.N.H. 405, 444,445 
H. E. 58, 
93, 249, 272, 286, 296, 
222. 
324, 325, 330, 348 
Lonerst, J. 7, 16 
Lonzincer, E. K. 
J. K. 325 
Loskit, K. 86, 93 
Lotcis, L. H. 442 
Love, R. M. 169 
Loverx, J. A. 303, 315, 
317, 318, 324, 325 
Lowe, A. 157, 170 
Lowe, J. S. 164, 1€7, 170 
Lowry, J. V. 187, 197 
Lowry, O. H. 179, 198 
Lrceas, R. A. 259, 271 
Lecxmany, F. H. 161, 170 
Lueppy, F. E. 94, 348 
Lrowic, M. IL. 159, 169 
LuEeTscHER, 433 
LcKens, F. W. D. 
Low, E.C. 
R. +442, 
Lusp, E. 209 
LunpBakEk, K. 387, 392 
LrenpsBerc, W.O. 181, 189, 
195, 197 
Luwnstep, L. G. 150 
Liscuer, M. 208, 209 
Lusk, G. 13, 14, 17 
Lustx, M. L. 240 
Lcrex, D. B. Jr. 90, 93 
Lutroys, E. S. 81, 93, 238 
325, 347, 348, 250 
Lyxex, F. 302, 324 
Lyxex, P. 302, 324 
Lyrowx, I. , $23 
Lytucor, R. J. 161, 
170 


250, 


204, 209, 


JUS, 


350 


322 


445, 446 


162, 


457 


Maaoéz, O. 387, 392 
Manis, A. J. 238 
Masrovuk, A. 81, 93 
MacCorevopaLe, D. W. 
397, 444 
MacDonaxp, A. 389 
MacDonatp, A. M. 
135, 197 
MacDonatp, K. A. 389 
MacHemer, H. 106, 147 
Macx, C. H. 236, 239, 
240 
Mackenzie, C. G. 
Mackenzie, J. B. 
MACKINNEY, C. 
170 
Maciean, H. 236 
Macmitian, D. 264, 
272 
MacTcrt, H. M. 200, 209 
Mappison, L. 84, 92, 348, 
349 
Mappock, C. L. 
MADINAVEITA, J. 
Maporsky, S. L. 


979 


Macertern, B. J. 235 
Manter, H. R. 302, 324 
Maret, G. 237 
MatkIn, T. 323 
T. M. 
MALLEIN, R. 156, 0 
Mattya, M. V. 348, 349 
Mauscn, J. 39, 55 
Mattesen, L. 188, 195 
Mam™ou, L. 173 
Man, E. B. 320 
Man, T. J. pe 177 
MANDELBAUM, J. 164, 170 
Mann, F.C. 9, 17, 218, 355, 
390, 392 
Mann, F. D. 
Many, G. B 
Maxn, G. V. 3, 6, 10, 
Maxn, J. D. 201, 203, 2 
MANSFIELD, G. 2, 17 
Mansino, F. J. 250, 272 
Manyik, R. M. 240, 241 
Mancn, B. E. 159, 170 
MaARCHELLO, A. 14, 17 
Marccsson, J. 239 
Mare, P. B. D. pe ta 76, 
91, 309, 325 
Mark, J. 421, 428, 441 
Markers, S. 184, 185, 188, 
197 
K. S. 94, 221, 
236, 244, 264, 272 
Markowitz, C. 9, 17 
Maruies, C. J. 265, 273 


184, 


185, 197 
185, 197 
157, 158, 


265, 


166, 172 


200, 209 
263, 271, 


273 
17 


201, 203, 2 


. 


Mareian, G. F. 397, 419, 
423, 424, 425, 432, 
443, 444, 445, 


442, 

446 
C. W. 
Martix, A. J. P. 188, 191, 

197, 270, 272, 291, 

301, 322, 359, 392 
Marrm, E. L. 239 
Martix, J. B. 319, 356, 

357, 361, 371, 392 
Martin, W. F. 160, 169 
Martics, C. 203, 210 
Marx, R. 205, 210 
Maryvama, G. 175, 178 
Mason, H.L. 436, 432, 438, 

441, 444, 446 
Mason, H. S. 237 
Masox, K. E. 193, 

197, 198 
Masox, 399 
Mason, R. G. 
Masorzo,E. J. 

296, 322, 323, 350 
Masai, M. S. 322 
MassartT, L. 322 
Massos1, R. 237 
MaTCHETT, R. 
Martuews, N. L. 
Matiack, M. B. 

389 
Matscrcawa, T. 236 
Matruews, L. W. 9, 13, 

16, 323, 361, 391 
Matrm, K. F. 278, 

336, 348 
Matrmu, H. A. 

192, 195, 
K. F. 
Matroox, R. W. 
Matrox, V. R. 
Matrson, F. H. 

279, 319, 

370, 392 
Maruew, R. L. 136, 150 
Maysarp, L. A. 325 
McAuuster, W. B. 8, 17 
McBain, J. W. 38, 54, 55 
McCartuy, P. T. 165, 170 
McCavnay, C. 445 
McCay, C. M. 165, 

170, 319 
McCottrcm, E. V. 185, 197 
McCcrcueoys, J. W. 146 
McDowatp, F.G. 172, 173, 

177 
I. R. C. 325 
McDoveatr, E. J. 353, 393 
McE.troy, O. E. 86, 93 
McGuir, J. F. 239, 240 


443, 444 


195, 


263, 273 
83, 93 
362, 366, 


319, 


184, 191, 
196, 197, 
84, 93 

54, 55 
400, 444 

158, 170, 
356, 


169, 


Name Index 


McGriuivary, W. A. 158, 

170 
McGinty, D. A. 409, 444 
McGraw, J. J., Jr. 4, 17 
McHsnry, E. W. 295, 321, 

322, 323 
McInnes, A. G. 312 
McKay, A. F. 238 
McKeever, C. H. 
McKIBBeEN, J. M. 
McLean, J. R. 
McLettan, F. 
Meap, J. F. 

357, 

392 
Meara, M. L. 84, 85, 91, 

92, 93, 312, 325, 336, 

348, 349 
Meccui, E. 204, 208 
Mepves, G. 321, 323 
MEER, C. VAN 192, 197 
Mean, J. W. 158, 159, 169, 

170, 171, 172 
MEHLENBACHER, V. C. 

392 
Meter, K. 

MeINeEnrts, U. 
Metr, M. 442 
MELLANBY, E. 

175, 173 
MELLANBY, J. 
D. 

170 
Metvin, E. H. 


272 


239 

6, 12, 17 
189, 197 

424, 445 
305, 319, 324, 

359, 371, 391, 


356, 


353, 392 
160. 161, 169, 


264, 265, 


Memmen, F. 362, 363, 364, 
393 
MENDEL, J. 
MeNvEL, L. 
324, 350 
MENDELOWITz, A. 85, 92, 
241 
Mene, H. C. 
17 
Menon, K. N. 348, 349 
Menorti, A. R. 209, 210 
Mentzer, C. 201, 210 
Meranze, D. R. 443 
Mercier, 83, 93 
MERCKLING, N. 241 
Meunier, P. 156, 157, 170, 
171, 178 
Meryrer, A. S. 
Mever, K. A. 
ll, 13, 16 
Meyer, K. H. 54 
Meyer, R. K. 421, 445 
Meyreruetm, G. 441 
MicuarEuis, L. 179, 197 
Micnaup, L. 175, 178 


16, 306, 


6, 7, 9, 10, 12, 


408, 416, 444 
4, 6, %, 10, 


458 


Micron, C. J. 438, 444 
L. A. 237 
Mrxcsca, J.D. von 87, 94 
Mrias, N. A. 155, 171, 237 
Mrizes, G. D. 149 
Mires, M. C. 190, 197 
Mituorat, A. T. 185, 196, 
197, 211 
Mizar, G. J. 203, 210 
Mrtter, E.8. 272, 320, 349, 
371, 372, 389 
Mitter, L. L. 434, 441 
Minurr, M. 445 
Miiuer, J. P. 5, 10, 16 
8. A. 136, 150 
Mitter, 8. E. 237 
Miniter, W. H. 192, 197 
Mituican, R. C. 79, 93 
Mirus, L. H. 2, 17 
Mirman, A.E. 185, 196, 211 
Minner, R. T. 72, 73, 91 
Minarp, F. N. 363, 364, 
365, 392 
Minxowskl, A. 194, 197 
Mirkst, A. 323, 350 
F. W., Jr. 
272 
Mrrcnett, H. H. 
Mitcuetz, R. S. 
Mog, Q. A. 237 
Momuret, J. L. 5 
146 
D. W. 
392 
MoMBERG-JORGENSEN, H. C. 
195 
Monick, J. A. 
Moore, T. 159, 166, 169, 
i7i, 173, 274, 78, 
184, 188, 189, 190, 
191, 196, 197, 204, 
210 
Moran, J. J. 441 
Morcos, 8S. R. 155, 171 
Morenouss, M. G. 319, 
378, 391 
A. F. 
Morcotis, 8. 
Moricer,I.M. 259, 272, 323 
MoRRELL, R. 8. 239 
Morris, C. J. O. R. 
414, 441, 444 
Morris, H. H. 240 
Morris, P. 441 
Mortimer, B. 9, 10, 17 
Morton, R. A. 155, 156, 
158, 160, 161, 162, 
163, 164, 165, 167, 
169, 170, 171, 174, 
177, 443 


249, 


175, 178, 
357, 390 


379, 387, 


265, 272 


174, 178 
192, 197, 349 


413, 


4 


Mottram, E. N. 239 
Morzox, I. 174, 178 
Mocreav, C. 238 
Movrert, A. 256, 272 
Mowry, D. T. 84, 93 
Moyer, W. T. 193, 197 
MvUCKERHEIDE, V. K. 73, 
93 
Mupp, 8. G. 240 
Motroep, D. 3. 442 
MvuLHOLLAND, J. H. 5, 6, 8, 
10, 13, 17 
R. 236 
Monk, von I. 14, 17, 281, 
352, 354, 375, 376, 
377, 392 
J. M. 300, 324 
Munson, P. L. 426, 437, 
444 
Muri, F. R. 
Morpnry, E. A. 184, 196 
Murray, D. R. P. 363, 392 
Murray, K. E. 58, 93, 245, 
249, 250, 252, 257, 
263, 265, 267, 268, 
269, 272 
Murray, R. C. 54 
Murray, R. G. 9, 17 
Murray, R. L. 149 
Murray, T. K. 161, 171 
Murti, K. S. 349 
Mypp.teton, W. W. 238 
Myers, G. 8. 238, 240 
Myers, L. D. 73, 93 
Myers, M. 248, 272 
Myrpacrk, K. 389 


2, 11, 17 


Narratin, J. 194, 196 
Nacet, R. H. 147, 149 
Natt, D. M. 429, 444 
NARASINGARAO, M. 348, 349 
NaraT, J. F. 11, 17 
Nasset, E. S. 319, 370 
NaTEtson, S. 264, 272 
Nats, H. 325 
NatHan, W. S. 246, 247, 
249, 252, 253, 267, 
27 
NaTHANsoN, I. T. 442 
Navupvet, M. 235, 237, 319, 
355, 366, 390, 391 
NAUMANN, 277 
NEcHELES, H. 378, 393 
NEEDHAM, C. D. 379, 389 
Newer, G. M. 445 
NEHER, R. 446 
Netson, D. H. 400, 413, 
434, 443, 444, 445 
NeEtson, J. F. 205, 209 
Netson, 8. M. 55 


Name Index 


Nztson, W. 207, 210 
Neptune, E. M., Jr. 16, 12, 
13, 17 
Nevrown, 8. 208, 210 
NEvENzEt, J.C. 360, 392 
Nevriy, C. 8. 265, 272 
Newman, M. S. 200, 208, 
235, 236 
H. J. 441 
Nicnots, J. 238 
Nicuots, Peter L. Jr. 93 
Nicnots, P. L. 87, 93 
P. 206, 216 
NICOLAYSEN, R. 175, 178 
Nicore1, B. H. 235, 237, 
238 
Nreusen, J. 194, 196 
Nretson, E. D. 443 
Nremann, C. 240 
Nier, A. D. 321 
NIGHTINGALE, G. 204, 210 
NIJKAMP, 359 
Nitz-Litzow, D. 203, 210 
M. W. 445 
Nomura, G. 2, 17 
Norman, A. 361, 389, 392 
Norris, F. A. 245, 265, 
266, 267, 272, 330, 
348 
Norris, F. 9. 
Nove.u, A. 


58, 84, 93 
200, 210 


Novetul, D. G. 302, 324 
Nunn, L. C. A. 305, 324 
W. J. 76, 94 


Ostap, A. G. 249, 273 
O'Connor, J. J. 54, 91 
O’Connor, R. T. 94 240 
O’DonNELL, V. 443 
Opum. E. P. 318 
OESTREICHER, J. 323 
O’Gorman, J. M. 249, 272 
O’Grapy, P. 193, 196 
Oxavi, 248, 270 
Oxseson, J. J. 211 
G. D. 88, 93 
Gutey, J. 321 

Otsen, R. E. 295, 322 
Oneson, I. 419, 438, 445 
Oneson, J. B. 442 
H. 54 
Orxcutn, M. 272 
E. 160, 169 
Orians, B. M. 77, 78, 91 
Ostia, S. 236 

Otro, M. E. 90, 91 
Owen, C. A. 205, 207, 210 
Owen, L. N. 237 

Owens, F. V. 193, 197 
Owens, W. C. 193, 197 


9 


Owren, P.A. 200, 201, 205, 
206, 208, 


Piaso, K. 359, 360, 389 
J. 173 
Faurt, 8. R. 55 
Paumer, E. F. 353, 391 
PAPPENHEIMER, A. M. 185, 
187, 195, 197, 198 
Parrs, G. 3, 16 
Paquette, R. G. 55 
Paquort, C. 81, 83, 93 
PareENTE, N. 444 
Parker, W. E. 59, 94 
Parrisn, D. B. 194, 198 
PascHke, R. F. 93 
Pascukis, K. E. 441 
Patet, C. B. 83, 92 
Patet, 8S. M158, 171 
Paterson, J. Y. F. 445 
Pathak, S. P. 75, 84, 92, 
348, 349 
Paton, R. P. 75, 92 
Patrerson, J. M. 321 
Paut, H. 319 
PauL, 8. 349 
Pautson, M. H. 
Pavcek, P. L. 
PEARLMAN, W. H. 
412, 445 
Pecx, E. B. 149 
Peppicerp, H. 146 
W. H. 309, 224, 
325, 349 
PEDERSEN, A. H. 
Peuicor, 101 
Perrerp, M. B., Jer. 91 
Perkinson, J. D. 318 
PERLMAN, I. 372, 391, 392 
PERLMAN, P. L. 407 
PeRNIER, C. 372, 389 
Peron, F. G. 443 
Perotti, G. 372, 389 
Perry, E.S. 250, 256, 272, 
319, 357, 379, 392 
Perry, J. W. 110, 142, 146 
Pescreck, G. 71, 94 
Prestna, A. G. 238 
Pererine, H. G. 172, 178, 
211 
Peters, G. 322 
Petersen, F. H. 195 
PETERSEN, J. W. 321 
PETERSEN, W. G. 262, 271 
Peterson, R. F. 148 
Peterson, V. E. 322 
Prerrer, W. 349 
PrirFNER, J. J. 399, 400, 
445 
R. 


120, 149 
166, 170 
398, 399, 


194, 197 


352, 353, 392 


45m 


354 


239 


PrLiicer-VERZAR, 
E. O. 
Purturrs, P. H. 175, 178 
Pumutrson, A. T. 306, 325 
Puivrottrs, A. R. 271 
Puinyey, J. I. 362, 390 
Picx, R. 2, 17 
Pickerina, V. L. 208, 219 
Pierce, H. B. 158, 170 
P:cutevsku, G. V. 237 
Pint, A. 299, 321 
Piteces, V. J. 175, 178 
Pircrm, A. F. 322 
Pitnorp, H. R. 413, 442 
Pincus, G. 420, 443, 444, 
445, 447 
Pincus, J. B. 177, 178 
Pink, R. C. 55 
Pirer, S. H. 236, 239, 240, 
323 
Pirzer, K. S. 
Puacer, J. E. 
444, 445 
Piait, J. R. 94 
Purmmer, H. 239 
Pium, P. 207, 208, 209, 2 
Piympron, A. B. 21], 
PorsBIELNIAK, W. J. 
272 
W. D. 356, 
Poucar, A. 157, 172 
F. J. 146, 150 
Poutskin, L. J. 160, 171 
Ponticorvo, L. 321 
Poct, W. O. $2, 93 
Porr, A. 6, 17 
PorsakK, G. 278, 290, 291, 
293, 294, 296, 301, 
320, 321, 323, 323, 
359, 384, 391, 392, 
404, 442, 445 
Popovsc, D. O. 248, 270 
Portan, J. 176, 177 
Post, O. 59, 91 
Ports, W. M. 76, 90 
Povutter, T. C. 235 
Powtassk, E. 445 
Pover, W. F. R. 391 
Powett, L. T. 159, 
170, 171 
M. 324 
Power, F. B. 237 
Power, M. H. 441 
Prartz, B. 444 
Pracer, J. 424, 443 
PranceE, I. 184, 186, 187, 
190, 191, 194, 195, 
196, 197, 202, 209 
Pratt, J. H. 349 
Pratt, R. 208, 210 


272 


410, 438, 


160, 


Name Index 


Pretoc, V. 241, 411, 445 
Prevost, C. 237 
Pricer, W. E. 
392 

PRIESTMANN, J. 348 
Prins, D. A. 443 
PrITcHARD, J. E. 
Privetr, 305 
Pvcstey, L. I. 


369, 382, 
193, 195 
161, 171 


350 
193, 


QUAGLIARIELLO, G. 
Qcairr, M. L. 179, 
196, 198 

202, 204, 205, 


162, 170 
308, 325, 


QuittaM, J. P. 
QcimBy, O. T. 


347, 350 
QcinteEy, J. R. 94 


179, 195 
238 


Rapinovitz, M. 
Raptove, S. B. 
Rarikov, §. R. 237 
C. E. 175, 178 
Rakorr, A. E. 441 
Ratston, A. W. 42, 55, 61, 
64, 92, 93, 94, 221, 
236, 244, 272 
RanDALL, A. 207, 210 
RANDALL, J. P. 207, 210 
Ranvier, S. B. 205, 209 
Rapata, R. T. 443 
Rarer, H. 9, 17%, 
353, 380, 393 
RAPHAEL, R. A. 360, 393 
Rapson, W.S. 93, 317, 318, 
325 
Y. 
Rasxina, R. L. 
RatTHKey, A. S. 
G. 353, 
389 
REAVELL, J. A. 
ReEBELLO, D. 
Recut, J. 
Reck, R. A. 
Recep, C. F. 
Reep, R. I. 
Reicu, H. 400, 413, 
444, 445, 447 
RetcHEert, D. A. 193, 198 
Reicuert, E. 324 
E. H. 149 
REICHSTEIN, T. 398, 
445, 446 
Reickenorr, I. G. 304 
Reip, D. F. 93 
J. 399 
L. C. 
ReEINEKE, E. P. 


320, 


173, $78 
350 
211, 212 
365, 366, 


443, 


399, 


358, 393 


322 


460 


Retnuarvt, W. O. 319, 
320, 323, 374, 375, 
376, 380, 389, 390 
Reiser, R. 186, 198, £79, 
280, 282, 304, 305, 
315, 319, 320, 324, 
376, 385, 385, 386, 
393 
RENOLL, M. 236 
Rensserea, N. J. VAN 
325 
Restuccia, M. 
REWALD, B. 
REYCHLER, A. 
Rueap, A. J. 
Ruopin, J. 388, 393 
RIcHARD, M. 208, 210 
Ricnarpson, R. E. 149 
Ricue, J. A. il, 17 
Ripout, J. H. 320, 321 
RieckEnorr, I. G. 324 
Riepe, W. 350 
RIEGEL, B. 424, 445 
Riecet, I. 421, 445 
RIEMENSCHNEIDER, R. W. 
92, 93, 94, 167, 
271, 333, 


318, 


3, 16 
350 

21, 54 

312, 325 


81, 85, 
170, 269, 
348, 349 
Ricsay, W. 238 
Rirey, D. P. 46, 
Rivey, J. P. 74, 75, 83, 85, 
91, 92, 94, 241 
185, 196, 198 
166, 169, 


RINGSTED, A. 
Ristry, H. A. 
192, 195 
RiTTENBERG, D. 58, 94, 
287, 299, 301, 321, 
322, 324, 359, 360, 
392, 393 
RirrenBerG, 8. C. 319 
Ritze.t, G. 319, 382, 389 
Roserts, 8. 413, 415, 416, 
445, 446 
RoBertson, A. 
Kkoseson, C., 
171 
RosInet, M. 
Rosinson, C. 
392 
Robinson, E. A. 
Rowtnson, G. M. 
Rozinson, H. 
Ropinson, K. 
Rosinson, R. 
RocHE, J. N. 
K. 166, 167, 17], 
204, 210 
Roppa, H. J. 322 
T. S. 209 
Roe, E. T. 94, 236 


235 


194, 198 


ks 
| 
4 
| 
| 
¥ 
a 


Rog, J. W. 55, 88 
Roeten, 122 

Roeus, O. A. 92, 349 
Rocers, J. 424, 445 
Rocers, 0. G. 444 
Rocerson, H. 237 
Rorrr, I. M. 235 
Roxa, L. 102, 209, 441 
RoLanpDeER, B. 236 
RoMANET, R. 253, 272 
Romanorr, E. B. 400, 416, 

445 
Romanorr, L. P. 445 
Romanovsky, C. 151 
Rona, P. 367, 393 
Rony, H. R. 9, 10, 17 
Roscuen, H. L. 186, 197 
Rose, A. 244, 257, 

272 
Rosr, C. 8S. 189, 

198 
Rose, E. 244, 256, 257, 
Rosen, D. G. 165 
ROSENBERG, A. 158, 171 
Rosenserc, H.R. 172,173, 

174, 178, 198, 210 
Rosensiatt, S. 192, 197 
RosenBiuM, C. 156, 172 
Rosenueim, O. 236 
RoszNKRANTZ, H. 185, 197, 

211, 445 
ROSENSTEIN, A. 14, 17, 281, 
354, 375, 377, 392 
Joun 81, 94, 149, 
239 
Ross, L. E. 

Rossii, F. 

273 
Roru, E. 
E. 
RorumMan, 
M. 
360, 


377, 


256, 


193, i95, 


Ross, 


5, 10, 17 

364, 393 

261, 272, 273 
319, 320, 
361, 372, 
378, 379, 


355, 
375, 
389 
Rovuzier, J. 
8. 372, 
E. von 
269, 272 
Ruerr, L. 324 
Rvuece, R. 209 
W. L. 
Romper, J. A. 
Rumpr, P. 148 
RunnIcies, D. F. 
Ruscuic, H. 446 
Ruska, T. 323 
Rusorr, L. I. 83, $4, 272 
J. 318 
RUSSELL, K. L. 147 


366, 390 
391, 392 


239, 240, 


Name Index 


Russet, L. G. 148 
Russet, W. C. 160, 171 
RuTenserc, A. M. 320 
Ruzicca, L. 399, 411, 445 


SAaLMULLER, L. 237 
SAFFRAN, M. 409, 445 
Sarrron, J. C. 443 
San, P. P. T. 208, 210 
SAHASRABUDDHE, D.L. 350 
Savag, M. K. 155, 156, 169, 
171 
Satamon, I. I. 400, 445 
Satcevo, J. Jr. 285, 321 
SateTrore, S. A. 348, 349 
SaLHANIcK, H. A. 398, 445 
Sattans, H. R. 273 
Satmon, W. D. 189, 196 
Samis, C. S. 29, 55 
Sammons, H. G. 319, 353, 
362, 366, 370, 387, 391 
Sampson, W. L. 100, 210 
SamvueEts, L. T. 408, 410, 
411, 412, 413, 416, 
418, 422, 425, 429, 
430, 441, 442, 443, 
444, 445, 446, 447 
Sanpbera, A. A. 411, 413, 
414, 441, 446, 447 
SANDERSON, J. J. 240, 241 
Sanpno, C. E. 94, 349 
Sanrorp, H. N. 208, 210 
SANTANGELO, H. 389 
Sarett, H. P. 442 
372, 389 
12, 13, 


SARZANA, G. 
Sastow, I. M. 10, 
17 
G. & 
Sato, Y. 91, 261, 270 
Savace, E. E. 160, 169 
SavarD, K. 399, 403, 409, 
433, 441, 443, 445 
Savary, P. 7259, 393 
Sayers, G. 404, 4 
Sayers, M. A. 
Sax, 8S. M. 
Saxt, P. 9, 
SayTZEFF, A. 
SCANLAN, J. 
238 
‘HACHTER, B. 41°, 445 
ScHACHTER, M. 362, 390 
SCHAEFFER, B. B. 94, 236, 
358, 390 
SCHAERER, A. A. 90, 94 
Scnatcn, W. R. 364, 393 
ScHaMBYE, P. 195 
ScHerruin, E. 389 
ScRELLMAN, J. A. 
445 


236, 


414, 442, 


461 


ScHenker, V. 443, 444 
Scuerartz, A. I. 92 
Scueraca, H. A. 36, 55 
G. 324 
Scuititer, J. 420, 445 
Scuriier, 8. 426, 445 
ScHINDLER, O. 446 
Scurrau, E. 150 
ScHLeNK, H. 59, 94, 269, 
272, 360, 361, 393 
ScHLeNKER, E. 71, 94 
ScHLUMBERGER, H. G. 
178 
Scumipt, A. J. 90, 94 
Scumipt, G. A. 241 
Scumipt, W. 238 
K. 
353, 365, 371, 
393 
ScHNEIDER, J. J. 
438, 446 
SCHNEIDER, R. 188, 195 
Scuneiper, V. 90, 94 
ScHOENBERG, M. D. 
371, 392 
ScHOErNFELD, R. 
263, 265, 
272 
ScHOENHEIMER, R. 
277, 299, 301, 
319, 321, 324, 
259, 360, 387, 
393 
ScHUNHEYDER, F. 349, 362, 
364, 366, 393 
ScuHutMaAN, J. H. 46, 55, 
$19, 353, 386, 391 
ScuuLMAN, P. 444, 446 
Scuwartz, A. M. 110, 142, 
146, 148 
Scuwarrz, H. M. 
325 
Scuwarz, K. 189, 190, 198 
Scuowenk, E. 397, 446 
Scott, A. B. 654 
Scorr, T. A. Jr. 
979 


176, 


320, 
372, 


430, 436, 


319, 


250, 262, 
268, 269, 


58, 94, 
316, 
325, 
392, 


93, 318, 


264, 265, 


Scorr, T. F. M. 2, 6, 16 
Scoz, G. 350 
ScriBantTe, P. 
Scrimsuaw, N. 

198 
Scop1, J. V. 
G. W. 
SEAVELL, A. J. 
SEBRELL, W. H. 

209 
Sepewick, R. 8. 64, 92, 94 
Sepiak, V. A. 273 
Secatorr, A. 422, 442, 446 


373, 390 
179, 193, 


200, 210 

279, 319 

85, 92 
187, 197, 


: 
a 

ty 

4 
¥ 


372, 389 
320 


Secor, E. 
Seviemax, A. M. 
K. C. 159, 169 
Setters, D. M. 445 
R. L. 205, 210 
Se.trzer, H. 442 
Seviene, F. J. 160, 172 
H. 162, 170 
Sexton, E. L. 171 
Seyrriep, W. D. 248, 250, 
271 
SuHaBant, H. 8. 73, 94 
SHarirorr, B.G. P. 4, 5, 6, 
7, 8, 10, 13, 17 
SuHantz, E. M. 88, 89, 94, 
156, 157, 163, 169, 171 
SHaprro, A. L. 272 
SHapiro, B. 318, 323, 350 
SHaprro, D. 214 
SHarma, D. N. 348 
SHarma, V. N. 240 
SHARMAN, I. M. 184, 188, 
189, 191, 196, 197 
SHaw, J. C. 322 
Suay, H. 362, 365, 392 
Sueptovsky, L. 149 
Suen, N. 442 
SHEPPARD, H. 446 
SHERMAN, H. 209 
SHEerRwoop, R. M. 
L. B. 


176, 177 
208, 209 


Suimipzo, T. 237 
SHiMOTORI, N. 174, 178 
Surnowara, G. Y. 60, 75, 


31, 83, 91, 94 
Surriey, D. A. 241 
SHIROLKAR, G. V. 148 
Suopa, 364 
A. T. 
Snorpree, C. W. 
SHORLAND, F. B. 

$1, 92, 94, 


175, 178 
399, 445 
76, 83, 84, 


249, 259, 


268, 271, 272, 277, 
284, 297. 309, 316, 
318, 319, 321, 323, 
325 


Sureve, O. D. 236 
SHREWSBURY 374 
SHRINER, R. L. 236 
SHRIVASTAVA, R. K. 
Sipuu, 8. S. 86, 91 
Stec, L. 250, 272 
Siemer, H. 157, 170 
Sriuiker, J. H. 319 
Sime, I. C. 349 
Simmer, H. 415, 446 
Simon, E. 54 
Simpkins, G. W. 155, 169 
Simpson, 8. A. 400, 443, 446 
H. M. 325 


84, 92 


Naine Index 


R.G. 86, 94; 282, 
320, 321, 571, 372, 393 

Sincer, H. 378, 393 

Svictesperry, C. R. 55 


Stncieton, W. S. 71, 73, 
89, 93, 94 

Sincsen, E. P. 175, 178 

SIPerRsTern, 375 

F. 8. 351, 388, 
393 


375, 389 
167, 170 


J. 
SLaNetTz. C. A. 
SLAUNWHITE, W.R.Jr. 
442, 446 
SLEIGHTHOLME, J. J. 321 
Stotra, K. H. 398, 446 


SMEDLEY-MacLean,I. 304, 
324 

Smiiyanic, A. M. 261, 272, 
273 


Smits, A. H. 322 
Smita, B. F. 122, 149 
Smita, C. 320, 372, 393 
C. C. 201, 210 
Situ, F. A. 76, 79, 83, 94 
Smitu, G. N. 444 
Smivn, J. A. B. 290, 319, 
Smita, L. W. 211 
N. C. 195, 198 
Smirn, P. H. 164, 172 
Smuszkowicz, J. 240, 241 
SmytTuHe, R. L. 6, 11, 17 
SNELLING, C. E. 207. 210 
SNIDER, G. G. 278, 319 
Snow, G. A. 200, 209 
Sospet, A. E. 158, 159, 170, 
171 
H. 393 
SoLoMAN, 8. 8S. 443 
SotvonuK, P. F. 203, 210 
SOMMERVILLE, [. F. 423, 
446 
SONDEREGGER, G. 236 


SONDERGAARD, 184, 186, 


187, 190, 191, 194, 
195, 196, 197, 199, 
200, 201, 202, 205, 
209 


SonpDHEIMER, F. 360, 393 
201, 210 
Sorecr, H. 353, 393 
SpannutH, H. T. 348 
Sperry, W. M. 323 
Spiers 374 
Spink, W. W. 208 
Setnxs, J. W. T. 262, 209, 
210 
Srirzer, R. R. 
Srorerri, P. E. 


175, 178 
239, 240 


462 


Sporn, J. 378, 3293 
Srere, P. A. 403, 404, 446 
Srivastava, R. K. 348 
Stace, H. 264, 272 
Starnssy, W. J. 348, 349 
STALLBERG-STENHAGEN, 8S. 
238 
Staticup, OC. FT. 158, 171 
Srance, M. 84, 92 
STANLEY, M. M. 
Stantey, W. L. 86, 91 
Stare, F. J. 3, 5, 6, 7, 9, 
10, 11, 12, 13, 14, 16, 
17, 320, 323, 361, 391 
Sraruine, E. H. 349 
STAUDINGER, H. 443 
Stearns, R. S. 54 
Steenspock, H. 175, 
319 
STEFANINI, M. 204, 205 
Stecer, A. 238 
Svervpacn, H. L. 355, 389 
§. 388, 390 
C. L. 198 
STEINBERG, G. 324 
STeEINFAUSER, H. 323 
STEMHAGEN, E. 236, 238 
STERN, D. 89 
STERN, M. A. 94 
STETTEN, D. 353, 386, 387, 
393 
Stetren, Dz Wirt, Jr. 
295, 301, 316, 321. 
322, 323, 324, 325 
Stetrer, H. 239, 240, 241 
Stevens, B. P. 301, 319, 
324, 330 
Stewart, C. B. 238 
Stewart, H. 90, 94 
SteEwarT, H. ©. 2, 16, 319, 
353, 386, 391 
St. Georce, R. C. C. 
171 
Stirton, A. J. 81, 94, 148 
F. H. 236 
Stokem, M. B. 444 
STONEBURNER, W. 82, 92 
W. D. 322 
‘ 


60, 72, 


178, 


165, 


Stoner, G. G. 
91 
Srorcn, H. H. 116, 148 
Srovanorr, V. A. 323 

Straus, I. 9, 16 
Srravs, 
Srrauss, U. 55 
Stricks, W. 54 
Srrisower, E. H. 
Stroxe, F. M. 
289 
Strone, L. E. 442 


300, 323 
238, 360, 


| 
if 


Srroup, 8. W. 419, 446 
Strumia, M. M. 4, 17 
Stryker, W. D. 386 
STUBBERFIELD, L. 211 
Srusss, A. L. 160, 161, 171 
Stuper, A. 209 
Stuper, P. E. 444 
STURTEVANT, M. 165, 169 
Srurzman, J. M. 94 
Supsarow, Y. 211 
SUBRAMONTAM, 348 
Supnorr, W. 149 
Suiuivan, M. X. 200, 209 
Scutiman, 374 
SuMRELL, G. 259, 263, 268, 
271, 357, 390 
Sunpien, G. O. 147 
Sussman, 8S. 237 
Suter, A. 147 
Sutton, D. A. 
Swart, M. L. 
390 
Swan, G. A. 288, 301, 321 
Swanson, W. J. 159, 166, 
169, 193, 194, 196 
SwarRTiine, P. 194, 198 
Sweat, M.L. 409, 410, 413, 
414, 429, 446 
SwEnseErp, M. E. 321 
Swern, D. 59, 81, 93, 94, 
235, 236, 237, 238, 
325 
SwIerostawsk1, W. 90, 94 
Swirt, C. E. 88, 94, 349 
Sym, E. A. 349 
Szeco, C. M. 413, 415, 416, 
418, 422, 445, 446 
Szprxcier, G. 350 
Szumer, A. Z. 250, 261, 
271 


236 
94, 348, 358, 


TaGe-Hansen, E. 
Tacnon, H. J. 
446 

Tait, J. F. 443, 446 
Tapret, A. L. 191, 198 
TarTaR, H. V. 54, 55 
Tasker, R. R. 355, 393 
TATARSKAYA, M. G. 237 
Taus, A. 237 
Taytor, H. L. 
TayLor, M. W. 
Tayrtor, T. I. 
TayYtok, W. 
Taytor, W. J. 
Taytor, W. R. 238 
Tercn, &. 417, 438, 444 
I. R. 185, 198 
Terasuima, §. 361, 392 
TERROINE, E. 276, 318 


202, 209 


421, 444, 


442 
160, 171 


Name Index 


Terry, D. E. 58, 93, 245, 

265, 266, 272 
Tettey, A. F. 54 
Tuater, H. 236 
THANNHAUSER, §. J. 

323 
TuHayer, S. 
Tuayrer, 8S. A. 

444 
TuieFrrry, 176, 177 
THIERFELDER, 386 
Tuomas, A. 323 
Tromas, B. H. 

315, 325 
Tuomas, G. R. 360, 391 
Tuomas, M. 399, 445 
Tuompson, C. R. 175, 178 
THompson, OH. 441 
Tuompson, H. M. 321 
Tuompsoy, L. M. 443 
TxHompson, J. J. 195, 198 
Tuomrson, R. O. 278, 319 
Tuompson, 8S. Y. 158, 159, 

171 
Tuornton, M. H. 73, 94 
Tuorre, R. E. 267, 272 
THRowER, R. D. 150 
Tuupicuum, J. L. W. 236 
TipweEtit, H. C. 2, 6, 16, 

230, 319, 320, 378, 

393 
Trerz, A. 
Tipeson, R. 8S. 

271 
TIsHLER, M. 

210 
Tosry, D. J. 

257, 270 
Topp, F. 94, 253, 2 
Torte, F. 346, 350 
Totserc, W. 93 
B. 322, 390 
ToMARELLI, R. M. 189, 196 
Tomecko, C. G. 236 
Tom«ins, G. M. 403, 446 
Torrey, W. A. 253, 273 
TowneE, ©. C. 74, 94 
Toyama, Y. 237, 240 
TrapreE, W. 268, 273, 359, 

393 
TRELLU, L. 

Trevoy, D. 

953, 256, 271, 273 
Trevoy, L. W. 202, 269, 

210, 236 
TrieBOo LD, H. O. 

266, 270, 271, 
Tristan, T. A. 177, 
Trivep!, A. K. M. 
Truscott, B. L. lil 


300, 


6, 17 


441, 442, 


194. 198, 


404, 445 
246, 249, 


156, 172, 200, 


463 


Truter, E. V. 269, 273 
Trypine, N. 369, 380, 389 
TSCHELINZEFF, W. 238 
Tucker, C. M. 323, 366 
Tucker, Heten E. 321 
Tucker, I. W. 362, 389 
TuERKISHER, E. 297, 323 
Tourer, J. 94 
Turnea, C. W. 322 
Turrernen, O. 324 
Twice, G. H. 271 
TwrrcHett, E. 21, 54 
Tyter, F.H. 432, 436, 441, 
445, 446, 447 


UEenuincer, E. 175, 177 
Uuicr, 8S. i185, 197 
UnperBJerG, G. K. L. 
198 
Unperwoop, G. 
Urrat, S. 148 


194, 


236 


Vanuteicu, H. W. 170 
Vatcourt, A. F. 442 
T. 2, 17 
vAN T. B. 
13, 17 
Van Loon, J. 238 
Vars, H. M. 
S. V. 
Vaucuan, W. E. 
Vavucun, T. H. 
Vavicn, M. G. 160 
VeELLER, C. D. 442 
L. 349 
VENKATARAKAN, K. 148 
VenKaTarao, C. 348, 349 
VENKATESWARLU, A. 348 
VENKATESWARLU, V. 55 
Vennine, E. H. 405, 418, 
428, 446 
Veracurn, P. 372, 391 
VERMEULEN, C. 321 
353, 379, 393 
405, 446 
348, 


5, 6, 7, 


VERZAR, F. 
VesTuine, C. S. 
VIDYARTHI, N. L. 
349 
Virkas, E. 239, 240 
A. 171 
Vis, C. 148 
Viscuer, E. 
Viscontini, K. 240, 241 
Visscuer, F. E. 303, 324 
Vuiverter, J. C. 148 
VoceL, E. 238 
Vocren, H. 155, 
198, 210 
Vocr, M. 399, 413, 446 
Voir, i4 
Vorxuoé1z, H. 


301, 303, 324 


171, 178, 


358, 393 


4 
» 
7 
iZ 
> 


Vorevantz, K. 349, 362, 
364, 366, 393 

Vottz, J. 36), 375, 389 

Vouz, G. 151 

D. 358, 393 


Wacus, H. 318 
J. 172, 178 
Wappetit, W. R. 5, 6, 7, 
13, 14, 17 
Wappett, W. W. 207, 210 
Waetscu, H. 296, 322 
WaeEntTic, P. 71, 94 
Wacner, H. 194, 198, 360, 
382, 389 
Wacyer, R. 188. 195, 325 
WacTENDONK, W. J. VAN, 
211, 212 
*VaLporsky, H.M. 360, 393 
Wap, G. 156, 161, 162, 
163, 164, 165, 167, 
170, 171, 172 
WAaALDMANN, E. 148 
E. 
346, 350, 361, 362, 
364, 393 
Watrker, H. A. 160, 171 
Waker, S. A. 205, 210 
Waker, S. E. 166, 172, 
204, 210 
Watkina, A. A. 
WaLTHaRD, B. 175, i77 
Wane, Y. L. 166, 171, 188, 
197, 204, 210 
Warp, R. J. 174, 178, 184, 
188, 191, 197 
WATANABE, H. 240 
Waterman, H. L. 256, 271 
VaTers, L. L. 8, 17 
Waters, W. A. 235 
Watkis, D.M. 6,9, 11, 16, 
17 
Watts, P.S. 184, 195, 197 
Weser, H. H. 392 
Weser, J. 319 
Weser, W. H. 319, 357, 
370, 392 
WEeEEDow, B.C. L. 
393 
E. F. 160, 172 
Werpuicu, H. A. 441 
Wersers, H. A. 359, 377, 


441, 442 


360, 390, 


391 
Werseercer, L. A. 55 
WEINBERGER, W. 358, 393 


WersnocseE, 8S. 321, 323 
Wetman, E. O. 323 
Wetsstery, 8S. 263, 393 
Wer, H. M. 90, 94 
Welster, L. 94 


Name Index 


WEIssBERGER, A. 91, 2 
253, 273 
A. W. 236, 248, 
249, 257, 259, 260, 
261, 262, 263, 265, 
266, 269, 272, 273, 323 
Werrts, J. 176, 178 
Wetcn, E. A. 315. 357, 
370, 392 
WELLER, R. A. 322 
WeEnpvER, I. 272 
WenpteER, N. L. 156, 172 
WerRDER, F. v. 77, 178 
Werner, if. G. 272 
WERTHEIMER, E. 297, 300, 
318, 323, 350 
WeERTHESSEN, N. T. 403, 
404, 446 
Wesson, D. 319 
West, C. D. 403, 413 416 
428 445 446 
Wesr, E. 8S. 323 3635 393 
WESTERFIELD, W. W. 193 
198 
WesTHAVER, J. W. 273 
Westos, C. D. 55 
West66, G. 369 380 389 
WesTPHAL, U. 397, 441 
Wettstetrx, A. 398, 4409, 
443, 446 
Wuee ter, D. H. 81, 93, 94 
Wuirr, A. 445 
Waiter, E. G. 176, 177 
White, L. P. 355, 389 
M. F. 94 
Wuitraker, J. T. 2, 17 
WickKerT, J. N. 55 
Wippowson, E. M. 318 
Wipmer, C., Jr. 304, 324 
WiIFGAND, E. 239 
Wietann, H. 353, 393 
WIENER, 443 
Wiese, C. E. 158, 1 
Wrest, W.G. 175,17 
425, 447 
F. 229, 238 
WILBRANDT, 374 
Wiper, V. M. 192, 197 
C. F. 176, 177 
Wiikes, B. G. 55 
Wiiiarp, M. J. Jr. 91 
Witiarvsox, D. G. 441, 


3, 424, 


445 
D. C. 413, 414, 
441, 444 


Wititums, D. E. 271 

E. F. 236, 239, 
240 

Witurams, F. E. 248, 256, 
273 


464 


Wriuiams, M. G. 272 
Wriuiams, N. V. 7, 94 
L. J. 248, 


2 250, 252, 253, 273 
Wize, R. L. 325, 347, 
350 


WILLINGHAM, C.B. 250, 273 
WrrLovensy, H. 443 
Witts, G. 161, 171 
Writs, J. H. 163, 171 
WILLsTATTER, R. 238, 346, 
350, 361, 362, 363, 
264, 393 
Witson, C. L. 325 
Witson, M. L. 444 
Wimmer, E. J. 380, 392 
Wryans, W. R. 323 
Winopsor, P. A. 42, 54, 55 
Winter, G. 76, 94 
Winter, [. C. 286, 321 
WINTERSTEINER, O. 397, 
399, 441, 445 
Wirtn, M. M. 267. 270 
Wise, G. H. 194, 198 
J. G. 425, 447 
Wirn, T. K. 159, 172 
Wituers, J. C. 237 
Witnaver, L. P. 236, 269 
271 
Wittcorr, H. 237 
Witter, P. W. 305, 324 
Wotnsack, S. B. 166, 172 
Wotr, A. 185, 198 
Wotr, R. S. 445 
S. H. 179, 197 
Wotrtner, H. J. 263, 273 
Womack, E. B. 413, 447 
Woop, C. C. 237 
Woop, W. A. 184, 195, 197 
Wooprvurr, N. H. 360, 390 
Woops, O. R. 443 
Woops, 8. 447 
Woopwarp, R. B. 402, 447 
Work, E. 190, 197 
Worret, C. 8S. 444 
Wortts, H. H. 430, 447 
Woytkin, L. 159, 172 
Wricut, H. R. 157, 170 
Wricut, S. W. 193, 198 
Wuercn, J. 402, 447 
Wutzen, R. 211, 212 
Wyk, A. VAN DER 54 
Wyman, F. W. 250, 273 
Wynne, A. M. 363, 393 


Yamapba, E. Y. 443 
YaMaAKaAwa, S. 2, 17 
YamamMato, T. 363, 393 
Vankwicn, P. 390 


Witurams, M. C. 383, 393 


f 

Be 
| 
i 


Name Index 


Yates, C. H. 443 ZAaFFARONI, A. 403, 405, ZeTTeRsTROM, R. 

Yee, ¥.S. 41 432, 443, 445, 447 ZerzscneE, F. 236 

Yoe, J. H. 358, 393 Zaxy, Y. A. H. 349 Zuce, K. T. 91, 3687, 

Youo, C. W. 238, 240, 241 Zamcueck, N. 6, 11, 17 333 

Younc, E. G. 372, 390 Zanver, J. 413, 415, 447 ZitversmiT, D.B. 286, 320, 

Younc, J. 3, 6, 10, 16 Zarrow, M. X. 445 321, 393 

¥Yocses, C. G. 266, 27 ZecuMEISTFR, L. 155, 156, Zister, C. 365, 392 

Yorawa, H. 88, 92, 94 157, 158, 172 ZoxveEk, B. 420, 447 
ZELLNER, J. 238 Zonis, 8. A. 238 

Zaat, P. A. 420, 445 ZetTrerevist, H. 351, 388, ZeckermMan, J. L. 264, 272 

Zazix, I. 288, 301, 321 393 Zuiperwea, F. J. 248, 273 


Le 
. 
465 
ig) 


ACKTYLENIC ACIDS 


hydration of 230 
preparation of 229 
Ampkipathic substances 
definition of 21 
solutions in non-polar solvents 52 
solutions of 26 
unionized 43 
Anhydrovitamin 156 
Animal depot fats, dynamic state of 
299 
conversion of fat to glucose 300 
importance of co-enzyme 4 3009 
oxidation of fat in animal tissue 
through f-oxidation 300 
Animal fats, forrnation of 276 
caloric intake 276 
cholesterol 276 
depot fat 276 
dietary fat 276 
essential fatty acids 276 
linoleic acid 276 
fat formation 276 
“élément constant” 276 
“élément variable” 276 
phospholipid 276 
plane of nutrition 276 
Animal fats, occurrence of branched chain 
fatty acidsin 297 
deamination of certain amino acids 
by the rumen bacteria 297 
endogenous synthesis of the wuntetso 
acids, possible mechanism for 297 
from protein breakdown 297 
from valine 297 
in ox perenephrie fat 297, 299 
Anuna! tissue, fat content of 273 
concept of adipose tissue 297 
concept of a dynamic state 277 
effect associated with egg laying 
277 
following spawning 277 
in fish 277 
in longissimus dorsi muscle of rabbit 
276 
in mnarine mammals 276 
in New Zealand ling (Genypterus 
blacoles) 276 
in perenephric fat of pigs 276 
in pigs, sheep and oxen 276 
in wild rabbits and horses 276 
preceding migration 276 
aeasonul variations in white-throated 
sparrows 277 


SUBJECT INDEX 


Anionic solubilising groups, miscellancous 
131 
Antigizzard ulcer factor 212 


Castor 223, 239 
dehydration of 223 
preparation of sebacic acid from 223 
pyrolysis of 223 
use in surface coating applications 

223 

Chemistry of fata, history of 58 

Ceclamn operation 256 
boil up rate: charge: chasers 257 
column testing at iow pressures 25 
operating pressure 257 


on? 


refiux ratio 257 


Derot rat, fatty acid composition of, 
factors detern.ining 306 
decomposition of fatty acid 306 
effect of feeding linoleic and linolenic 
acid 306 
formation of volatile acids in the 
rumen 306 
modification of exogenous fat 306 
synthesis of endogenous fat 306 
Dermolan L 146 
Detergent, adjuvants 145 
inorganic salts 145 
organic salts 145 
Detergents, anionic 99 
fatty acids, derivatives of 106 
amides, derivatives of 109 
carboxylic acids 112 
sulphonates 110 
amides: sulphates of 109 
esters: sulphates of 107 
esters: sulphonetes of 108 
miscellaneous Ill4 
fatty alcohols, production of 101 
products derived from 101 
esters 103 
ethers 105 
miscellaneous 105 
sulphates 101 
fatty amines, derivatives of 133 
products derived from natural fatty 
esters 100 
products derived from olefines 121 
alkane sulphonates 122 
alkylaryl derivat ives,substituted 
128 
alkylaryl sulphonates 127 
miscellaneous 130 


BE 2 
; 
q 
‘tom J 


Subject Index 


Detergents, anionic products derived from Detergents, types of (contd.)— 
olefines (contd.)— Leonil FFO 139 
sulphated primary alcohols 122 Leonil O 137, 139 
sulphated secondary alcohols 124 Lissapol LS 111 
products derived from paraffins 117 Lissapol N- 137 
alkane sulpnonates 117 Luwipal R111 
alkane sulphonic acid derivi.tives Maypons 113 
119 Medialan A 105, 113 
alkylaryl sulphonates 119 analogues of 129 
miscellaneous 121 Mesolats 118, 119 
products derived from petroleum and Mersols 118, 119 
related raw material 116 Mersol 30 118 
Detergents, cationic 133 Mersol D 119 
amine salts 133 Mersol H_ 119 
miscellaneous 134 Nekal A 97 
quaternary ammonium salts 134 Ninols 142 
Detergents, miscellaneous raw material Nonic 218 138 
used as sources for 143 Nytron 131 
Detergents, non-ionic 135 Pluronics 140, 141 
miscellaneous types 130 Renex 143 
polyethenoxy derivatives 135 Sterox CD 143 
miscellaneous 140 Triton 720 130 
of acids 137 Triton NE 139 
of aleohols 137 Triton W 30 129 
ofamides 137 Turkey Red Oil 97 
ofamines 138 Ultravon K 114 
of mercaptans 138 Ultraven W114 
of phenols 138 Vel 108 
properties of 141 Dihydroxy acids 223 
Detergents, synthetic 95, 97 contiguously substituted (a-glycol 
chemistry of 98 type) 223 
routesto 99 ; asymmetry of 223, 224 
Detergents, types of preparation of 223, 224 
Aerosols 104, 113 ¥,10-Dihydroxy stearicacids 223, 
Aerosol 18 113 224, 227 
Aerosol 22 113 inversion in 226 
AlipalC 1 129 preparation of 
Alipal D129 by epoxidation of elaidic acid 
All 22 
Alro Amines 134 by ep 
Alrosols 142 224 
Amine 220 134 by hydroxylation of elaidic 
Antarax 200 139 acid 224 
srig-35 137 by hydroxylation of oleic acid 
Dreft 98 224 
Emulphor STS 130 from castor oil 223 
Ethofats 13% reaction with periodate and lead 
Ethomeens 138 tetracetate 224 
Ethomids 138 stereochemical relationships in 
conversion of oleic and elaidic 


»xidation of oleic acid 


Gardinols 97 
Igepal B 129 acid to 224 
Igepal C 139,140 urea complex of 224 
Igepal F_ 139 3,11-Dihydroxy tetradecanoic acid 
Igepal W139, 140 (purolic acid) 223 
Igepon A 97 from seed fats 223 

analogues of 129 Distribution theory, even 329 
Igepon 105 partial random 330 
Igepon T 97 random 330 

analogues of 129 effects of plaat and animal 
Lamepons 113 enzymes 330 


— 
| 
| 
i 
| 
i 
J 
7 
} 
| 
is : 
? 
7 
467 


Subject Index 


Distribution theory, random (confd.)— 
ester interchange due to enzymes 
330 
restricted 331 


Epoxy acips 214 
analytical determination of 217 
as plasticizers 217 
cis- and trans-9,10-epoxystearic acids 
216 
conversion to high molecular weight 
polyesters 217 
definition of 214 
esters of as stabilizing plasticizers 
217 
hydrogenation of 217 
hydrolysis of by acid or 
217 
infrared spectra of 217 
preparation of 214 
by autoxidation of olefinic acids 
216 
by Darzens’ condensation 216 
by epoxidation of the olefinic 
acids 215 
by hypochlorination of olefinic 
acids followed by dehydro- 
halogenation 216 
properties and reactions of 216 


alkali 


reaction with 
aleohols, amines and acids 217 
periodic acid 217 
Evolution and fatty acid composition, 
theory of 315 
species that depesit endogenous fat 
only 316 
lipids, synthesis by bacilli 318 
species that deposit exogenous fat 
only 316 
dehydrogenation and hydrogen- 
ation of unsaturated acids 
316 
differential distribution 
fatty acids 317 
effect of change in nature of 
dietary fat 317 
shortening of 


of the 


elongation and 
fatty 
316 

interconvertibility of fatty alco- 
hols and fatty acids 316 


acid carbon’ chains 


species that deposit exogenous and 


endogenous fat 317 
effect of addition of coconut oil 
to diet 317 
effect of addition of Vit. E to 
diet 317 
effect of hydrogenation 317 
occurrence of isovaleric acid in 


317 


Extent to which GS, can remain in a fluid 
state in natural fat in vivo, factors 
governing 

chain length of GS, 342 
melting point of GS, 342 


FaT ABSORPTION 279 
intracellular phase 279 
changes occurring during absurp- 
ticn 282 
use of labelled fats 282 
effect of bile on 279, 280 
effect on glyceride structure 
282 
Frazer's Partition Theory 280 
interchange of fatty acid radicals 
282 
mechanism whereby fat passes 
through intestinal wall 280 
particulate absorption 280 
Pfliiger-Verzar Hypothesis 280 
recovery of absorbed acids in 
lymph 28% 
systemic circulation 280 
use of labelled long chain acids 
281 
intraluminar phase 279 
hydrolysis of fats by pancreatic 
lipase 279 
hydrolysis of triglycerides 279 
pH for pancreatic 
lipotysis 279 
pH of intestinal contents 279 
recombination of free fatty acids 
279 
Fat, emulsification of and stability of the 
fat emulsion 


optimum 


emulsifying agents 3 
gelatin 4 
lecithin 3 
factors concerned in 2 
Fat, endogenous 286 
effect of Vitamin E 
310 
fatty acid composition of 308 
formation from carbohydrate or 
protein 287 
mechenism of conversion of carbo- 


supplement 


hydrate or protein to 287 
Fat, exogenous 
dietary fat 278 
absorption of 278 
effect on composition 
depot fat 310 
influence of 310 
effect of 


of the 


softening dietary oils 
312 

softness and iodine value due to rate 
of growth 312 


types of depot fat 313 


468 


> 
: 
| 
j 
| 
via 


Subject Index 


Fat, extrahepatic synthesis of 296 
conversion of carbokydrate into fat 
by adipose tissue 297 
Fat, ingested, transport and deposition of 
283 
blood lipids 283 
dietary fatty acids 
incorporation into liver glycer- 
ides 284 
incorporation into phosp 
284 
fatty acid composition of phospho- 
lipids from different species 254 
glyceride fatty acid composition 
from different species 2S4 
intravenously injected fat emulsions 
283 
lymph glycerides 
plasma lipids 2383 
selective incorporation of fatty acids 
into phospholipids 283 
site of synthesis of plasma phospho- 
lipids 284 
Fat, synthesis of, from carbohydrate 
conversion of protein to fat 
295 
effect of glucose on 294 
effect of leucine and alanine 
formation of valeric acid 294 
influence of hormones 
effect of insulin 
mechanism 294 
plane of nutrition 295 
lipogenesis in liver slices 
of the B 


lipids 


283 


293 
294, 


294 


295 
295 


295 
role of vitamins group 
295 
Fat, the intestinal absorption of 352 
earlier development, some aspects of 
352 
Frazer's 
theory” 


“Fat-fatty acid partition 
353 
introduction to 352 
recent developments in methods 
354 
analytical methods 355 
estimation cf 1- and 2-mono- 
356 
estimation of the composition 
355 


glycerides 


of glyceride mixtures 
hydroxyl value 
and separation of 
glycerides 357 


356 
isolation 


countercurrent distribution 
357 
limitation of 
358 
partition 
357, 358 
isolation of cholesterol 
cholesterol esters 359 


separation 
chromatography 


and 


469 


Fat, the intestinal absorption of, recent 
developments in (contd.)— 
isolation of fatty acids 357 
use of IRA-400 (OH form) 
357 
isolation of glycerci 358 
isolation of phospholipids 356 
use of silicic acid 356 
isomerization of 2 monoglycer- 
ides 356 
separation and isolation of diff- 
erent lipids 356 
separation of fatty acids 358 
revised phase partition chro- 
matography 358 
separation of saturated and 
unsaturated acids 359 
use of performic acid for 
hydroxylation 359 
use of silanes 359 
“vapour phaso 
graphy” 359 
animal technic 354 
technic for collection of lymph 
354 
labelled compounds 
bile acids 361 
glyccrides 361 
deuterium 


chromato- 


359 


glycerol, labelled 
360 
use and preparation of labelled 
fatty acids 359, 360 
Fats, digestibility of 278 
composition of the dictary fat 
conté 


279 
ining stearic 278 
278 
nees in different animals 


digestibility coefficient 
differs 
278 

efiect of melting point 278 
fateof fats 278, 279 


fats of pasture fed ruminants 


fed te ruminants 


relative absence of linoleic acid 
in 279 
Fatty acids, interconversion of 
desaturation 303 
effect of pyridoxine 303 
elongation or shortening of fatty 
acid chaius 303 
fat deficiency disease 303 
hydrogenation or dehydrogenation 
305 
tiansisomers of linoleic and linolenic 
acids, biological effect of 305 
unsaturated fatty acid conversion in 
poultry 304 
methyl esters, amplified distillation 
of 260 
tractional distillation of 258 
fractional molecular distillation 
of 263 


| 

| 


Fatty acida, methyl esters (contd.)— 
simple fractional distillation of 
258 
thermal stability of 266 
vapour pressure-temperature 
data of 264 
Fatty livers, some factors in the production 
of 285 
anterior pituary extracts 285, 286 
cystine 285 
degree uf fatty infiltration 285 
exposure to carbon tetrachloride 
vapour 285, 286 
lipotropic agents (choline} 285 
myocarditisdue toethyllaurate 285 
renal hemorrkage and necrosis due 
to ethyl caprylate 285 
Formation of solid GS;, mechanism by 
which formation prevented 346 


GLYCERIDE STRUCTURE in animal depot 
fats 308 
hydrogenation of performed oleo- 
glycerides in situ 308 
law of probability 308 
rule of even distribution 308 
Glyceride-type distribution of natural fats 
detailed method of calculation of 
335 
determination of GS, 334 
experimental determination of 332 
general procedure 332 
Kartha’s rule 336, 339 
application to natural fats 336, 
337 
oxidation procedure 332 
separation of oxidation products and 
treatment of the fractions 334 
Guinea pig antistiffness factor 211 


HEPTALDEHYDE, from castor oil 223 
Hostapon process 118, 121 
Hydrocarbons ete, intestinal absorpticn of 
386 
cetyl aleohol 387 
experiments with deuterium labelled 
hexadecane 386 

@-oxidation of hydrocarbons 386 

Hydroxylated vitamin A aldehydes 156 


INFUSED FAT EMULSIONS, toxic reactions to 
4 


anacmia 7 

bacterial pyrogens 6, 16 
effects of daily infusion 6 
febrile response 5 
intravascular haemolysis 7 
lipacmia 7 

red cell fragility 7 
symptoms 4 


Subject Index 


470 


Injected fat emulsions, effect on chyle 9 
immediate fate of 9 
removal from the circulation 9 
by deposition in the renal tubes 
by the lungs, liver, spleen 9 
by the reticulo-endothelial sys- 


tem 9 
effect of alloxan diabetes in dogs 


effect of bilateral ligation of the 
ureters in dogs 10 
effect of factors which affect 
carbohydrate metabolism 10 
effect of golatin 10 
effect of glomerulonephritis 10 
effect of metabolic disturbances 
10 
effect of throtoxicosis 11 
effect of Triton A 20 10 
Intestinal absorption, some factors affecting 
282 
choline 283 
effect on bile production 283 
effect on rate of fat absorption 
283 
incorporation of ingested fatty acids 
into the intestinal mucosa phos- 
pholipids 283 


KARTHA’S ASSUMPTION of dynamic equilib- 
rium 344 
Keto acids 229 
9-keto stearic acid 229, 232 
10-keto stearic acid 229, 232 
12-keto stearic acid 234 
alkyl esters of 234 
as plasticizers and stabilizers 
for gums and resin 234 
naturally occurring 229 
Lactorinic acid (6-ketostearic 
acid) 229 
source of 229 
a-Licanic acid 229 
isomerization of to f-Licanic 
acid 229 
source of 229 
preparation of 229, 230 
properties and reactions of 232, 
233, 234 
Kitol 156 
Kogasin 118, 120 
Kolbe reaction 130 


LIPOLYTIC ENZYMES, as esterification cata- 
lysts 344 
as ester-interchange catalysts 344 
esterification by 344 
Low pressure fractional distillation, acces- 
sory equipment 251 


: 
% 
ties 


Subject Index 


Low pressure fractional distillation, access- 
ory equipment (conéd.)-- 
column insulation 251 
fraction cutters 253 
measurement of head tempera- 
ture 252 
pressure control 252 
still head and reflux ratio con- 
trol 251 
stirring and heating of charge 
253 
equipment 249 
columns and packing 249 
factors of special importance in 245 
efficiency of fractionation at low 
pressures 247 
evaporative behavicur of the 
distilland in the still pot 246 
pressure drop 245 
use in the investigation of lipids 
244 
Low temperature crystallization, descrip- 
ticn of apparatus used in 72 
isolation of pure fatty acids anc 
concentrates of certain polyeth- 
enoic acids by 80 
linoleic acid 82 
linoleic and other trienoic acids 
83 
oleic and 
acids 81] 
other polyethenoic acids 83 
saturated acids and esters 80 


other monoethenoic 


miscellaneous applications 
preparation of egg lecithin 86, 
87 
pseudo lipids 88 
separation of organic compounds 
89 
separation of synthetic fatty 
acids and derivatives of 86 
partial separation of fatty acid or 
ester mixtures by 72 
separation of C,, esters by 79 
separation of C,, esters by 79 
separation of C,, esters by 79, 80 
separation of C,, esters of human 
milk fat by 77 
separation of fatty acid mixtures by 
crystallization of methylesters 75 
separation of glycerides by 84 
separation of menhaden oil esters by 
76, 78 
separation of methyl myristate and 
tetradecenoate by 77 
separation of methyl palmitate and 
hexadecenoate by 78 
methyl 
and 


palmitate, 
hexadecatri 


separation of 
hexadecenoate 
enoate by 78 


Low temperature crystallization, partial 
separation of fatty acid or ester amines 
by (contd.)— 

separation of saturated and unsatur- 
ated acids by 72 

separation of unsaturated acid mix- 
tures by 74 

“MELTING POINT CONSTANT” 342 

Mepasin 118, 120 

Milk fats 289 

decrease in proportions of volatile 
acids during inanition 293 
investigations on, as a contribution 
to the study of fatty acid synthesis 
289 
of ruminants 2389 
glycerides of 289 
hydregenation of 290 
principle of even distribution 
290 
synthesis of fat from acetate 290 
synthesis of short chain fatty acids 
Monohydroxy acids, definition of 218 
naturally occurring 218 
suurces of 218 
saturated, preparation of 
properties and reactions of 222 


218, 222 
uses of 222 
unsaturated 222 
naturally occurring 222 
sources of 222, 223 


uses of 223 


NEoviTaMIn 156 

New procedures for the separation of lipida 
tographie adsorption 59 

urrent extraction 59 

ition of urea complexes 59 


ature crystallization 59 


counters 

erystalliz 
low temper 
precise ester distillation 


OCTADECATRIENOIC ACIDS 228 
hydroxyiation of 22% 
2-Octancl, production of 22 
Oral fat, influence on protein metabclism 
13 
sparing action on body nitrogen 13 
Oxirane group, definition of 214 
106, 123, 126 
123, 124, 


Oxo alcohols 
Oxo 
235 
Oxygenated fatty acids 214 
classes of 214 
hydroxyketoacida 234, 235 
9-hydroxy-10-ketostearic 
preparation of 234 


10-hy droxy 9-ketostearic 


reaction 


acid, 


acid, 
preparation of 


| 


Oxygenerated fatty acids, hydroxyketo- 
acids (contd.)— 
preparation of 234, 235 
properties and reactions of 235 
miscellaneous 234 


PARAFFIN CHAIN SALTS, definition of 21 
different phases in solutions of 45 
electrochemistry of 38 
light scattering by solutions of 34 
mechanism of aggregation of 30 
solutions in polar solvents and mix- 

tures 53 
solvent properties of 28 
x-ray diffraction by solutions of 33 

Parenteral administration of fats 1 
current status 15 

Parenteral fat. value of as applied to man 

13 
effect on malnourished patients 13 
evidence regarding 13 
toxic effects 13 
utilization as source of energy 13 

Polyhydroxy acids, preparation of 228 

uses of 214 
Prévost reaction 224 
Prins’ reaction 226 


REED REACTION 117, 118, 119, 130 
Reformatsky reaction 221 
Rehydrovitamin A 156 
Relation of fractional distillation to other 
separation techniques 267 
Ricinelaidic acid 223 
Ricinoleic acid 214, 222 
acids isomeric with 222 
characteristics of pure 222 
isolation of pure 223, 239 
metiyl ester of 223, 239 
occurrence of 222 
pyrolysis of 223 


Sats with partly aromatic chains 41 
Salts with two chains or non-terminal] ionic 
groups 41 
Sebacic acid, production of 223 
uses of 223 
Solubilities of fatty acids and esters in 
organic solvents 60 
alkyiesters 64, 65 
factors limiting application of solu- 
bility data to practical separation 
of mixtures 71 
linoleic acid 67 
oleic acid 66 
saturated acids 61, 62, 68, 69, 70 
solubility ratios of fatty acids under 
Various conditions 63, 64 
unsaturated acids 63, 68, 69, 70 


Subject Index 


Solutions in geneval 22 
Species and depot-fat compositions, rela- 
tionship between 313 
depot fats, influence of dietary fat on 
313, 314 
depot fats of pasture fed animals, 
fatty acid composition of 313 
hydrogenation of linoleic acid by 
bacteria in the rumen 315 
ruminant fats, occurrence of trans 
acid in 315 
Steroid hormones, biosynthesis of 401 
acetate as precursorin 401 
cholesterol as precursor in 404 
enzymatic reactions involvedin 407 
late stepsin 408 
of adrenal hormones 408 
ofestrogens 412 
of hormones of corpus luteum 
and placenta 412 
of testicular hormones 411 
catabolism of 416 
dehydroepiandrosterone, the 
problem of 437 
general summary of 438 
introduction to 416 
metabolism of adrenal steroid 
hormones 430 
metabolism by tissues 433 
overall metabolism 430 
metabolism of androgens 425 
metabolism by tissues 428 
overall metabolism 425 
metabolism of estrogens 418 
metabolism by tissues 420 
overall metabolism 418 
metabolism of pregesterone 422 
metabolism by tissues 424 
overall metabolism 422 
Steroid hormones, metabolism of 395 
introduction to 396 
tranzpert of 413 
Structure of intestinal mucosa 388 
Synol process 116, 124, 125 
Synthesis of liver and body fat from 
“acetate,” evidence for 237 
acetate as precursor 289 
detection of acetic and _ butyric 
acids in liver glycerides of rabbit 
289 
detection of a series of volatile acids 
in the perenephric fats of the ox 
289 
evidence of intermediates in the 
build up from acetate 289 
isolation of branched chain acids 
from fats of ruminants and shark 
liver oil 289 
isolation of odd numbered fatty acids 
from ox fat 289 


a 
4 
a 
£ 
472 
2 


Subject Index 


TRIGLYCERIDE, composition of natural 
fats 
modern theories of the triglycer- 
ide structure of fate 329 
patterns of glyceride-type dis- 
tribution 329 
factors governing the content of fully 
saturated triglycerides 341 
Triglycerides, hydrolysis by pancreatic 
lipase in vitro 361 
formation of lower glycerides 365 
isolation of glycerides 000 
formation of new ester bonds 367 
steric factor, use of ea-dimethyl- 
stearic acid 369 
synthetic effect of pancreatic 
lipase 367 
pancreatic lipase 361 
purification of 361 
rate and extent of hydrolysis 362 
deterraination of lipase activity 
365 
substrate for 365 
effect of Histidine on 363 
hydrolysis of long chain glycer- 
ides in vitro 362 
influence of bile acids 
influence of pH 363 
infiuerce of Tween on 363 
Triglycerides, intestinal absorption of 
369 
composition of intestinal 
after feeding fats 369 
effect of administration of cal- 
cium chloride solution 370 
content 


364 


content 


di- and 
371 
intraluminar phase of fat ab- 

sorption 369 
monoglyceride content 


triglyceride 


370 


composition of lipids in nsicosa after 
feeling triglycerides or free fatty 

371 

amount of phospholipids 371 

differences between choline con- 


acids 


taining and non-choline con- 
taining phosphclipids 373 

effect of conjugated linoleic acid 
372 

experiments with elaidic and 
iodized fatty acids 372 

iodine value of fatty ucids of 

372 

intermediates 
in resynthesis 372 

specific activity of phespholipid 
phosphorus 372 

use of lahe lled acids 273 

work with labelled phosphate 
372 


phospholipids 


phospholipids as 


Triglycerides, intestina! 
(contd.)— 
composition of lymph and lymph 
lipids after feeding triglycerides or 
fr-e fatty acids 373 
changes in lymph volume, lymph 
proteins and fat of the lymph 
373 
electrophorectic protein pattern 
ofthe lymph 374 
experiments with bile fistulae 
rats 375 
flocculation due to addition to 
lymph of protamine or tolui- 
din blue 374 
increase of lymph neutral fats 
and phospholipids 374 
investigations using ['*C] bile 
acids 375 
lipeproteins of plasma 374 
protein concentration of the 
lymph 374 
extent of total hydrolysis and fate of 
during fat absorption 


absorption of 


glycerol 
382 
experiments with labelled gly- 
cerol 382 
experiments with labelled 1- 
palmitoxy-3-hydroxy ace- 
tone 383 
extent of hydrolysis of tri- 
glycerides 382 
fate of moroglycerides 383 
use of glycerol labelled tri- 
383 
redistribution of fatty acids 
during intestinal absorption 
384 
results with ['*C] «a-dimethyl- 
stearic acid 384 
incorporation of free fatty acid 
into glycerides in intestinal lumen 
371 
exchange of glyceride fatty acids 
371 
influence of fatty acid structure on 
route of absorption 375 
long chain (> C,,) fatty acids 
375 
absorption of corotene 379 
absorption of long chain acids 
377 
chylomicrographic response after 
acid to rats 


olein 


feeding oleic 
378 

data on fat 

377 

experiments with deuterated 
behenic acid and erucie acid 
377 


absorption in 


humans 


473 


- 
stag 
| | 


Triglycerides, intestinal absorption of, 
influence of fatty acid structure on route 
of absorption (contd.)— 

experiments with linoleic acid 
with conjugated double bonds, 
stearic acid 1-'*C and carboxy- 
labelled oleic acid 376 
experiments with palmitic acid 
1-*C on rats with a thoracic 
duct or intestinal lymph 
fistula 376 
use of Sudan III v0 
value of chylomicron counts 
379 
medium and short chain (C,,—C,) 
carboxylic scids 379 
route of absorption of satur- 
ated fatty acids of differ- 
ent chain lengths in rats 
with lymph fistulas 380 
substituted fatty acids 339 
use of axz-dimethyl stearic 
acid 380 
use of glycerol labelled tri- 
butyrin 380 


UNDECYLENICc acip, from castor 223 
Utilization of injected fet emulsion, evi- 
dence concerning I1 
nitrogen balance 11 
oxygen consumption 12 
respiratory quotient 11 
use of tagged compounds 12 
VEGETABLE and animal fat depots 
fatty acid synthesis and esterification 
in 344 
Vitamin A 155 
absorption, utilization and deposition 
159 
acid 157 
aldehyde (retinene) 156 
deficiency symptoms 164 
determination of 160 
hypervitaminosis due to 
“Lard factor” 167 
provitamins and their conversion 
into 157 
requirements and recommended al- 
lowances 165 
role in vision 161 
in bright light (photopic vision) 
164 
in dim light (scotopic vision) 161 
155 


166 


Vitamin A, 

Vitamin A, 155 

Vitamin D 172 
hypervitaminosis D 


176 


location of provitamin in chicks and 
174 


rats 


474 


Subject Index 


Vitamin D (conid.)— 
miscellaneous observations on 
mode of action 175 
modes of activation of provitamine D 


172 ° 
origin of, in fish and provitamin in 
rates 173 


representatives of group 172 
requirements and allowances 175 
substances with inhibiting effect on 
176 
Vitamin E 179 
and enzymes 192 
deficiency symptoms 181 
brown colouration of uterus in 
female rats 188 
creatinurin and muscular de- 
generation in rabbits 185 
degeneration (cloudy swelling) 
of the tubuli contorti in rat 
kidney 191 
degeneration of nervous tissue 
associated with paralysis in 
adult rats 185 
depigmentation of rat incisors 
185, 188 
encephalomalacia in chicks 187, 
195 
exudative diathesis in chicks 
185, 186, 195 
fatal lung haemorrhage 189 
haemolysis due to alloxane and 
dialuric acid 189 
hepatic necrosis 189 
influence of dietary changes on 


182 
necrotizing arteritis in dogs 
191 
in farm animals, fur animals, etc. 
194 
effect of feeding on 194 
Vitamin K 198 


antagonism between, and anticoagu- 
lants of the dicoumarol type 201 
biological assay 199 
deficiency 
accelerated 
derivatives 
203 
symptoms in rats fed dihydroxy 
stearic acid 204 
determination of by chemical and 
physical methods 200 
diagnostic application of 206 
effects of naphthoquinones unrelated 


by sulphonamide 
and antibiotics 


to Vitamin K activity 2068 
haemorrhagic condition in hyper- 
vitaminosis A 204 
in the human 205 


in therapy with antibiotics 208 


| 


Subject Index 


Vitamin K (contd.)— 


mode of action 200 

occurrence 200 

oxide 199 

requirements in chicks and dogs 
204 

route of absorption from the intes- 
tine 203 


Vitamin K (contd.)— 


the haemorrhagic disease of the new- 
born 206 

use in anticoagulant therapy 208 

valueofintreatmentof mothers 207 

vitamin K active compounds 198, 
199 

where action takes place 201 


| 
5 


ee 


YARENTERAL ADMINISTRATION OF FATS 


Smith Freeman 


CONTENTS 


HISTORICAL BACKGROUND 


FACTORS CONCERNED IN THE EMULSIFICATION OF FAT AND 
STABILITY OF THE FAT EMULSION 


TOXIC REACTIONS TO INFUSED FAT EMULSIONS 
REMOVAL OF INJECTED FAT EMULSION FROM THE CIRCULATION 


EVIDENCE CONCERNING THE UTILIZATION OF INJECTED FAT 


EVIDENCE REGARDING THE VALUE OF PARENTERAL FAT AS 
APPLIED TO MAN 


DISCUSSION 
SUMMARY 


REFERENCES 


| 
Page 
‘ 
2 
4 
9 
1] 
13 
2 


1 
PARENTERAL ADMINISTRATION OF FATS 


Smith Freeman 


I. HistortcaL BACKGROUND 


TuE need for a parenterai fluid rich in calories and of low osmotic effect has 
been recognized by the medical profession for many years. LruBE (1895), 
when giving subcutaneous injections of camphor in oil to patients with cardiac 
failure, suggested the possible value of parenteral fat asa a source of calories. 
Studies on the metabolic effect of intravenous fat on animals began early in 
the twentieth century (MILLs and Murury, 1909-10; Mriuts and Conapon, 
1911; KoruNne and MENDEL, 1929). As early as 1918, emulsified fat was given 
intravenously to man as a vehicle for camphor or quinine (MANSFIELD, 
1918). 

The parenteral administration of milk with egg yolk or cod liver oil was 
among the earliest attempts to provide nourishment for patierts by means of 
a fat-rich parenteral fluid (WHITTAKER, 1876; Pick. 1879). Yamakawa and 
associates (YAMAKAWA, 1920; Nomura, 1928-29; Yamakawa and Nomura, 
1928; Sato, 1931) were aniong the first workers to attempt to provide nutrition 
to patients by means of an artificially prepared fat emulsion. They injected an 
emulsion of egg lecithin, butter and cod liver oil into several hundred patients 
with peptic ulcer. Somewhat later VALLEDoR, Casas, and Gomrz pEL Rio 
(1928) reported favourably on the injection of marasmic infants with fat emul- 
sions. A more extensive study was made a few years later by Hott, TrpwE 1, 
and Scorr (1935) on a group of undernourished children. Their emulsion con- 
tained egg lecithin and olive or coconut oil. The homogenized mixture could 
be autoclaved and had a particle size of 2 to 3 micra. 

More recently studies have been made by a number of investigators regarding 
the metabolic and physiological effects of repeated intravenous injections of 
emulsified fat. From these studies, it has become apparent that although the 
utilization of parenteral fat does take place, numerous problems must be solved 
before the intravenous injection of fat becomes a safe and practical measure. 
Various aspects of this problem will be considered. 


II. Factors CoNCERNED IN THE EMULSIFICATION OF FaT AND 
STABILITY OF THE Far EmuLsion 
Fat normally exists in the circulation in a highly dispersed state; even when 
the plasma is markedly lipaemic the largest visible globules of fat are usually 
1 micron or less in diameter (ELKES, Frazer, and Stewart, 1939). These tiny 


2 


4 
a 
< 


Factors Concerned in the Emulsification of Fat 


globules of neutral fat are discrete and necessarily marifest marked Brownien 
movement. It may be taker as a premise that a similar degree of dispersion 
and activity are desirable characteristics for a fat emulsion to be infused into 
the circulation. 

The dispersion of an immiscible substance of low density into an aqueous 
medium entails consideration of a variety of faetors which are generally recog- 
nized to influence the behaviour of colloids. These include the charge, concen- 
tration of the dispersed substance, its specific gravity, the reiative deasity of 
the dispersed substance and dispersing medium, viscosity of the dispersing 
phase, particle size and interfacial tension. A more detailed discussion of these 
factors may be found elsewhere (LAVEEN, Papps, and Restuccia, 1950). It is 
sufficient to point out here that stabilization of a fat emulsion requires that the 
particles be highly dispersed (1 micron or less) and stable in this state. A 
tendency for the globules of fat to clump, cream or coalesce, will result in an 
emulsion that cannot be stored or subjected to contact with surfaces without 
its breaking down. One must not only consider the emulsion in its original form 
but also its reaction to heat and contact with the various constituents contained 
in the circulation. The emulsion must be stable in the presence of electrolytes 
approximating the concentration of a 0-85 per cent solution of sodium chloride. 
The relatively high interfacial tension that characterizes fat emulsions in water 
makes it unlikely that one will ever be able to prepare a sufficiently stable 
emulsion by purely mechanical means. Satisfactory stability has only been 
possible by lowering the interfacial tension by means of surface active agents. 
Such compounds by their very nature tend to cause the liberation of haemo- 
globin from the red blood cell in the circulation. The relation of surface tension 
to haemolysis imposes a serious restriction on the means one may employ te 
meet the requirements indicated above. The dispersion of fat must minimize 
changes in surface activity or the surface active agents must be sufficiently 


labile in the body to produce no toxic effects before or after decomposition. 

A great variety of emulsifying agents have been employed in preparing fat 
emulsions and only a few examples will be mentioned. Lecithin and related 
phosphatides have been used most frequently. Usually 1 to 2 per cent lecithin 
is used in a 10 per cent emulsion of fat. Egg yolk and soya beans have been the 
two most common sources of phosphatides for this purpose; crude preparations 
may produce granulomatous lesions. Purification and standardization of the 
least toxic fraction of soya phosphatides have been described by GEYER (GEYER, 
Mann, Younc, Kinney, and Stare, 1948) who prepared a fraction with good 
emulsifying properties and little tendeney to produce granulomatous lesions in 
rats. However, phosphatides are gencrally acknowledged to be a relatively 
unstable group uf compounds because of the unsaturated fatty acids which 
they contain and it has also been demonstrated that spontaneous hydrolysis 
with the formation of lysolecithin may occur upon standing in solution (FRost, 
1953). 

The effect of proteins on the stability of fat emulsions has also received 
attention. It was found (LAVEEN, Parrs, and Restrvoeta, 1950) that purified 
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Parenteral Administration of Fats 


serum albumin and gelatin vended to stabilize fat emulsions while the giobulin 
fraction of serum proteins caused fat globules to coalesce. SHaFrRoFF and 
Frank (1947) have described the preparation of stable fat emulsicns employ- 
ing gelatin as the emulsifying agent. This agent has the advantage of per- 
mitting storage of the emulsion in the gel form which reduces the tendency 
for creaming that may occur when liquid preparations are allowed to stand for 
some time. 

Other agents that have been employed to emulsify fat for parenteral use 
include fatty acid esters of various polyhydrie alcohols or sugars, bile salts, 
polyglycerol esters of fatty acids, cerebrosides, substituted amines, organic 
esters of phosphoric acid and.a variety of other surface active agents too 
numerous to mention. The mechanical means of fat dispersion have included 
high pressure extrusion of the mixture through a fine orifice and the use of 
supersonic vibrations.* By means of surface active agents and mechanical 
devices fine stable fat emulsions have been produced, but it cannot be said 
that the products thus far prepared are without toxic effects on the animal 
organism when infused intravenously in considerable amounts. 


Ill. Toxic Reactions to INrusep Fat EMvuLSIOoNS 


The infusion of relatively stable, highly dispersed emulsions of fat into human 
subjects or animals has been associated with a wide variety of effects, some of 
which are apparent immediately while other changes only become apparent 
when injections are given repeatedly. The rate of infusion, dispersing agents, 
purity of the starting materials, stability and particle size of the emulsion, as 
well as the characteristics of the recipient are all recognized as factors that will 
influence the nature and extent of the immediate reaction to fat infusicn. 
Headache, dizziness, tluctuations in blood pressure, syncope, chills, fever, 
nausea, vomiting, precordial distress or tightness across the chest, an ache in 
the lumbar region of the spine, cough and urticaria are all symptoms that may 
arise from the injection of colloidal substances intravenously. Many of the 
symptoms are influenced by the rate of injection or may tend to disapp2ar 
after an infusion has continued for some time or upon repeated infusions. Re- 
actions that are similar in character to some of the above mentioned symptoms 
have been produced by infusing other parenteral fluids (Srrum1a, McGraw, 
and Brake, i943). That some of the reactions may entail liberation of hista- 
mine is suggested by the observation that symptoms such as cough and urti- 
caria may be controlied by epinephrine and pyribenzamine or other anti- 
histaminie drugs (JoHNsoN, FREEMAN, and Meyer, 1952a; SHAFIROFF and 

* Details regarding the preparation and storage of fat emulsion for parenteral use have seen 
published by several authors. Purified pyrogen-free materials are used to whatever extent this may 
be possible. Three thousand to four thousand pounds pressure is usually desirable when the fat is 
homogenized by extrusion through a fine orifice. Repeated extrusions are necessary for preparation 
of a fine uniform emulsion. A stable fat emulsion may be sterilized by autoclaving and stored in 
gas-tight bottles from which air has been displaced by nitrogen. Storage in the absence of light and at 
temperatures above freezing have been recommended. The solution is usually made isotonic by the 
inclusion of dextrose, The average particle size, pyrogenicity and the tendency to cream may be 


elcered by storage and must be checked repeatedly. The technique of preparation of a fat emulsion 
for parenteral use has been described in detail elsewhere (GEYER, Mann, and Stark, 1948). 
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MULHOLLAND, 195i). Refinement of the starting materials, great care in pre- 
paretion and storage of the emulsion, and adjustment of the rate of administra- 
tion have demonstrated that many reactions can be eliminated when freshly 
prepared emulsion is administered to human subjects or animals (Van ITaLure, 
WADDELL, GEYER, and StTaRE, 1952). Data on 1000 infusions to 500 patients 
recently reported by Stare and associates indicate an incidence of reactions of 
all types of 12-7 per cent (StaRE, WADDELL, and Geyer, 1953). 

One of the most perplexing of the reactions to fat infusion is the febrile 
response that frequently occurs. This response may vary with the same batch 
of emulsion given to different individuals or with repeated infusions given to 
the same person. It has been the experience of most investigators that even 
though fat emulsions are sterile and non-thermogenic when first prepared, yet 
a thermal response to these same emulsions may occur after a few days or 
weeks of storage. Explanations for this finding have included bacterial pyro- 
gens, other forms of contamination of the starting materials, decomposition 
products of the fat or its emulsifying agents, haemolysis produced by the 
emulsion, and excessive heat production in response to the infusion cf a rela- 
tively large quantity of a highly calorigenic substance. Sxarrmorr¥ (1951) has 
emphasized the importance of purification of coconut oil as an important factor 
in reducing the incidence of febrile reactions. In a series of 750 infusions » 
temperature response of 1-9° or less was noted in 87 per cent of the patients 
during the subsequent 24 hr after 1 litre of 10 per cent fat emulsion had been 
infused; the remaining 13 per cent of the patients had a fever of 2 or more 
degrees. BECKER and GRossMAN (1953a) found no correlation between titra- 
table acidity, carbonyl or peroxide content, or particle size and the tendency 
for a fat emulsion injected intravenously to be thermogenic for rabbits. A 
recent study of the thermogenic response to fat infusion by LAMBERT, MILLER, 
and Frost (1951) reported an inability to prepare any fat emulsion dispersed 
solely by soya phosphatides that was not thermogenic when tested on rabbits, 
according to the U.S.P. procedure for pyrogen testing. Measures ordinarily 
effective in eliminating bacterial pyrogens were ineffective. However, an 
emulsifying agent (Triton A-20) which was shown to reduce the rate of removal 
of fat from the circulation did prevent the febrile reaction when included in 
the emulsion. The converse does not seem to be the case since other workers 
did not find any greater thermogenic response to a fat emulsion following the 
administration of heparin despite the fact that the rate of removal of fat from 
the circulation was accelerated (BECKER and GrossMaAN, 1953b). 

SHAFIROFF, MULHOLLAND, and Rorn (1949) ascribe the fever that may occur 
with fat infusion to a “sudden plethora of fat.”” However, as VAN ITALLIE 
(Van Iratiie, WADDELL, GEYER, and Stare, 1952) points out, the thermal 
response to one batch of fat emulsion may not be elicited in the same patient 
by another batch. These last-mentioned authors do not believe that the thermal 
response is due to an excessive production of metabolic heat. 

The question as to whether or not the febrile reactions are necessarily due 
to impurities contained ia the fat emulsion or may in some way be related to 
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the uptake of fat by the tissues remains unanswered. It seems unlikely that 
bacterial pyrogens are the cause of the thermal response to fat infusion in the 
majority of instances. Subsequent comments concerning haemolysis and the 
metabolic effects produced by fat infusion are pertinent to the foregoing 
considerations. 

The effects of daily infusion of relatively large amounts of fat emulsion into 
animals have been observed for weeks and months. There are also a few reports 
of patients receiving daily fat injections for several weeks. Puppies receiving 
approximately 30 per cent of their calories intravenously for 60 to 90 days in 
the form of emulsified fat continued to grow and have a positive nitrogen 
balance (Mann, GEYER, Watkrs, SmyTHe, Dsat-CHwen Div, ZAMCHECK, and 
SrarE, 1948). A normacytic anaemia did develop and there was a reduction 
in the plasma cholesterol esters, but essentially no morphological evidence of 
liver damage. Adult dogs receiving 30 to 40 per cent of their calories as an 
intravenous fat emulsion likewise remained in good health and nitrogen balance, 
but became anaemic and had haematuria (MeNe and FREEMAN, 1948). There 
was no functional or histological evidence of liver damage in these animals. 
Development of anaemia associated with fat infusion has likewise been ebtained 
by others (McKispen, Pope, THayer, Ferry, and Stare, 1945; Co irs, 
Stare, Krarr, Kryney, Davipson, and Youse, 1948) who ascribed the 
anaemia to the emulsifying agents empioyed. An anaemia in dogs receiving 
an intravenous fat emulsion was also reported by Lerner, CHarkorr, and 
ENTENMANN (1942). The daily infusion of 2 gm of fat per kgm to rabbits for 
four weeks was without ill effects as judged by blood pressure, temperature, 
antigen studies, haematology and histology, according to Men (1951) who used 
sodium cholate, soya phosphatide and Span 20 as emulsifying agents. No 
febrile response was noted to the fat injections unless the emulsion had been 
prepared for two months or longer; old emulsions were less thermogenic when 
re-autoclaved. A four-week period of fat infusion did not cause any anaemia 
in these rabbits. 

Relatively few studies on patients have included repeated injections on the 
same patient to an extent necessary to judge any chronic toxic effects that 
might develop. Hott, Trpwex1, and Scorr (1935) made some observations on 
children and raised the question as to whether or not the parenteral administra- 
tion of fat would be contra-indicated in patients with liver disease. A report 
on one patient who received 1173 calories per day in the form of an intravenous 
fat emulsion for thirty-six consecutive days, indicated apparent benefit (VAN 
ITaLLiz, WADDELL, GEYER, and Srare, 1952). In another study, patients 
receiving | litre of 15 or 20 per cent fat emulsion daily for four to eleven days 
yielded no histological evidence of kidney, lung or liver damage in autopsy or 
biopsy specimens (SHAFIROFF and MULHOLLAND, 1951). Daily injection of 
1 litre of a 10 per cent emulsion of olive oil stabilized with phosphatides into 
senile and debilitated patients for as long as uwenty-four consecutive days with- 
out obvious anaemia or other ill effects was reported by JoHNsoN, FREEMAN, 
and Meyer (1952a). However, a wide variety of reactions was observed in 
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Fig. 2. Comparing the distribution of chyle and an artificial fat emulsion in the 
spleen (Murray and Freeman, 1951), 
(a) Spleen of a rat ten minutes previous to sacrifice received by tail vein 
1-0 gm per ky of fat in the form of artificial emulsion. The fat is concentrated 
in the marginal zone of the red pulp. (Oil red 0 and haematoxylin... x 120.) 
(b) Spleen of a dog immediately after a twenty-minute intravenous infusion of 
fatty chyle (approximately 0-65 ym per kg total dose). Fat is concentrated in 
the sheathed arteries and is absent from the margins of the white pulp. (Oil 
red 0 and haematoxylin. x 110.) 


(From J. Lab. & Clin. Med. 38 No.1: Murray & Freeman, 
Morphologic Distribution of Fatty Chyle Injections.) 


; 
wd 
&, 
(a) 
a 
A 
a 
> 


Toxic Reactions to Infused Fat Emulsions 


many of the 79 patients receiving single cr repeated fat injections (Fig. 1). The 
tolerance for intravenous fat appeared to differ in various disease states as well 
as in different individuals or in the same individual given successive injections 
of fat. 

The anaemia so frequently reported to Gevelop in animals receiving daily 
injections of fat emulsion hes been ascribed by CREDITOR (1953) to intravascular 
haemolysis. This study demonstrated a marked increase in the in vitro mechani- 
cal fragility of the red blood cells after fat infusion into dogs or human subjects. 
There was a close correlation between the red eell fragility and the degree of 
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Fig. 1. Illustrating the frequency of symptoms produced by parenteral injections 
of emulsified olive oil into a group of human subjects (JoHNsON, FREEMAN, 
and Meyer, 1952a). 


lipaemia produced by the fat injection (Table 1). Associated with the injection 
of fat emulsion as evidence of intravascular haemolysis was an increase in the 
concentration of plasma haemoglobin and in the faecal excretion of urobilino- 
gen. The increase in mechanical fragility of the red blood cells returned toward 
normal as the lipaemia subsided. Febrile reactions were most pronounced in 
subjects that gave evidence of having the most pronounced haemolytic reaction. 
Other investigators (VAN WaDDELL, GEYER, and Srare, 1952; Mena, 
1951) have failed to observe alterations in red blood cell fragility in patients and 
animals infused with similar emulsions, nor has a different type of emulsion 


been reported to produce any evidence of haemolytic anaemia (SHaFIRorFF, 
1951). The extent to which animals or patients may become anaemic in response 
to repeated fat infusions varies considerably. It is probable that the differences 


in the observations by various authors concerning the effect of fat infusion on 
red cell fragility are due to differences in the technique of testing cell fragility 
or in the rate of fat infusion or the extent to which fat accumulates in the 
circulation. The increased red cell fragility produced by lipaemic lymph has 
been ascribed but not proven to be due to its free fatty acid and soap content 
(JoHNSON and FREEMAN, 1940; Jonnson, Loneini, and FREEMAN, 1943). 
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‘Table 1.¢ Studies on human subjects demonstrating the 
effect of lipaemia produced by fat injection upon plasma 
haemoglobin and fragility index of the red blood cell 
(Creditor, 1953) 


Plasma 
Min. after er Plasma Fragility 
Exp. infusion Hgt., mg % index 


A ps 0 | 0 31 
0 49-5 1,870 

60 6 | 6-2 2,140 

120 17 5-1 108 


87 


27 

o | 234 14,500 
9-6 2.70 
120 3-1 10,000 


5,500 


37 
0 478 1-7 2 625 
60 396 1-7 1,925 
120 230 10-9 268 


297 


* P = Preinfusion. 
* Plasma ‘‘total lipid’ asused in this table is an expression of the relative 


turbidity of plasma before and after fat infusion -vith the preinfusion value as 
a blank. 


Intravascular haemolysis by shortchained glycerides derived from coconut oil 
and dispersed in gelatin has been reported, while glycerides from the same 
source containing C,, or longer fatty acid chains were not found to be haemolytic 
under similar conditions (SHaAFmROFF, MULHOLLAND, and Baron, 1952). 

At the present time insufficient evidence is available to enable one to judge 
the extent to which normal or diseased subjects can tolerate repeated daily 
infusions of 1000 to 3000 calories as emulsified fat for an extended period of 
time. Post-mortem studies on patients that had been infused with fat have not 
provided evidence of tissue damage or the accumulation of infused fat in the 
organs of the body. However, it has been demonstrated experimentally that 
fat accumulation in the wall of the aorta may be produced by fat infusion in 
the presence of increased vascular permeability (MCALLISTER and WATERS, 


195}). The fact that one patient may tolerate an emulsion without any re- 
action, whereas another person does react adversely to the same preparation, 
indicates that systemic factors which may be altered in disease states are 
important considerations that must be better understood before the general 
applicability of parenteral fat feeding to problems of nutrition can be evaluated. 
Such an evaluation cannot be made for disease states unti! an emulsion has 
been prepared which can be shown to be free of adverse effects on normal in- 
dividuals receiving the emulsion in similar amonnts for a comparable period of 
time. 
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IV. Removay or INJECTED Fat EMULSION FROM THE CiRCULATION 

The removal from the circulation and fate of intravenously injected fat emul- 
sions have been studied by many investigators and from a variety of view- 
points. Raper (1913) showed that fat emulsion dispersed with casein and in- 
jected intravenously accumulated in the liver. BLoor (1914) found that a fine 
emulsion of olive or coconut oil was removed from the circulation much more 
rapidly than injected egg yolk. Removal of injected fat by the reticulo- 
endothelial system was reported by Saxt and Donatu (1926). MarKkowrrz 
and Manw (1930) found a huge increase of fat in the lungs after injection of an 
artificial emulsion but not after the injection of citrated chyle obtained from a 
dog fed fat. More of this older literature is mentioned by Rony and McortT™eErR 
(1931). More recent stud‘es have largely been concerned with the utilization of 
fat emulsions by the body. Morphological studies on various tissues indicate - 
that artificially prepared finely emulsified fat is removed from the circulation 
to a varying degree by the lungs, liver, spleen and possibly by the reticulo- 
endothelial system elsewhere in the body. Fatty deposits in the renal tubes 
and bile ducts of dogs infused with fat emulsion have also been reported 
(DunHAM and Brunscuwic, 1944). The stability of the fat emulsion may 
influence its distribution in the body (GEYER, WATKIN, MATTHEWs, and SraRE, 
1951). Unstable fat emulsions we:e found to cause a more marked increase in 
the fat content of liver, lung and spleen than did stable emulsions, and the 
extent of extracellular deposition of fat was likewise more marked for the un- 
stable emulsions. The extracellular deposits of fat from unstable emulsions 
were removed from the tissues more slowly than fat from a stable fat emulsion. 
teparin, which increases the in vivo dispersion and rate of removal of infused 
artificial fat emulsion, also reduces the uptake of fat by the spleen (GRossMaN, 
Straus, and Decrease, 1952). 

Mcrray and Freeman (1951) compared the immediate fate in rats and dogs 
of intravenously injected olive oil emulsion with that of injected fatty dog 
chyle. Ten minutes after injection the artificial fat emulsion was always demon- 
strable in the capillaries of the lung and in the marginal zone of the splenic red 
pulp (Fig. 2a) while injections of comparable amounts of fat as chyle produced 
no such changes. Chyle was shown to enter the parenchyma cells of the liver 
directly, while immediately after injection of the artificial emulsion the fat 
tended to concentrate in the Kiipffer cells. There was a marked accumulation 
of fat in the sheathed arteries of the dog’s spleen after injections of either 
emulsion (Fig. 25). 

Roxy and Mortrmer (1931) found that the fat contained in chyle derived 
from dogs fed egg yolk was removed from the circulation of the recipients more 
rapidly than an injected emulsion of egg yolk. Berry and Ivy (1948) found 
that injected chyle was cleared from the circulation more rapidly than an 
emulsion of butter oil stabilized with lecithin. Meno (1952) has reported a 
more rapid removal of an artificial fat emulsion from the circulation following 
ligation of the thoracic duct. Some direct transfer of circulating fat across the 
capillary membrane of intestine and liver is proposed to explain this finding. 
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A steady rise in the blood fat concentration throughout infusion of a fat 
emulsion has been reported by several investigators using similar emulsions 
(Neptune, Geyer, Sastaw, and Stare, 1951; Jounson, FREEMAN, and 
Meyer, 1952a; Meno, 1952), while others using a fat emulsion dispersed in 
gelatin have reported that the initial rise in blood fat concentration was followed 
by a decline despite continued administration at au equal or greater rate 
(SHaFmRoFF, MULHOLLAND, and Roru, 1949). It has been reported that hya- 
luronidase promotes the absorption of subcutaneously injected fat emulsion 
(SHarmorFr, Baron, Recut, and MuLFOLL«ND, 1951). 


| 
ax j | 
a 
| 
| EMULSION 
re) 5 6 22 


Fig. 3. Average blood plasma curves showing effect of inclusion of Triton A-20 on the 
rate of disappearance of emulsified fat from the circulation after its injection at a 
constant rate. Emulsion A contained 15 per cent corn oil, 5 per cent dextrose, 1 per cent 
soya phosphatide and 2 per cent Triton A-20; emulsion B contained 15 per cent corn oil, 
5 per cent dextrose and 1-5 per cent soya pbosphatide (Lamarrtr, MILLER, and 
Frost, 1951). 


An emulsion of coconut oil stabilized with phosphatide and polyglycerol 
esters of fatty acids was found to be largely removed from the circulation of 
dogs, rats and rabbits after 3 to 4hr, in contrast to mineral oil emulsion of 
similar dispersion which largely remained in the circulation 6 hr after injection 
(GeYEeR, Mann, Younc, Krxney, and Srare, 1948). That the emulsifying 
agent as well as the material dispersed may influence the rate of removal of 
infused fat, was clearly demonstrated by the studies of Lampert, MILLER, and 
Frost (1951) who showed that inclusion of a 2 per cent concentration of 
Triton A-20 ia an emulsion of corn oil and phosphatides definitely reduced the 
rate of removal of injected fat from the circulation (Fig. 3). The effect of the 
polyglycerol ester was cumulative as the lipaemia was more prolonged with 
successive injections until it persisted throughout 24 hr. 

Metabolic disturbances which alter the fat content of the circulation were 
found to influence the rate of removal of infused fat both in animals and human 
subjects. Rony and Mortmmer (1931) reported that factors which effect carbo- 
hydrate metabolism influence the rate of removal of injected fat from the 
circulation. Jomnson, FREEMAN, and MEYER (1952b) found that patients with 
glomerulonephritis, and dogs with bilateral ligation of the ureters removed fat 
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Evider.ce Concerning the Utilizetion of Injected Fat Emulsivn 


from the circulation more slowly than did their control groups. On the other 
hand, there was less than the normal elevation of blood fat in cirrhotic patients 
and dogs with impaired liver function following the infusion of a fat emulsion. 
Endocrine factors may iniluence the rate of removal of infused fat since an 
increased rate of removal of injected fat was demonstrated in patients with 
thyrotoxicosis, while alloxan diabetic dogs deprived of insulin became markedly 
lipaemic during fat infusion but showed < remarkable capacity to remove fat 
from the circulation (Fig. 4). 
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Fig. 4. Ilustrating that the removal of fat emuisicn from the circulation, following 

its infusion at a constant rate, may be influenced by experimental procedures that 

alter the fasting fat content of the circulation (based upon data from JOHNSON, 
FrReeMAN, and Meyer, 1952b). 


V. Evipence ConceERNING THE UTILIZATION OF INJECTED Fat EmuULSION 


One of the earliest studies concerned with the metabolic effect of injected fat 
emulsion was that of Murttn and Rice (1915) who found an increased heat 
production and a decreased respiratory quotient in dogs for several hours 
following infusion of a 3 per cent emulsion of lard. Basa (1931) also reported a 
significant drop in the respiratory quotient following fat infusion. GorDON and 
Levine (1935) demonstrated a reduced respiratory quotient in a healthy infant 
infused with fat. Prolongation of survival of otherwise starved dogs by the 
intravenous administration of emulsified olive oil has been reported (Narat, 
1937). Puppies have grown and maintained a positive nitrogen balance for 
60 to 90 days while receiving 30 per cent of their calories from injected fat 
(Mann, Geyer, Watkin, Smytue, Dsa1-Cawen Dsvu, Zamcneck, and STARE, 
1948). The prevention of weight loss and the maintenance of nitrogen balance 
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for several weeks by the parenteral administration of emulsified fat to adult 
dogs receiving a calorically inadequate diet orally, has been demonstrated 
repeatedly (McKipBen, Ferry, and Stare, 1946; Menc and Freeman, 1948; 
Menc ard Earty, 1949). More direct and unequivocal evidence of the oxida- 
tion of parenteral fat has been obtained by using tagged compounds. GEYER 
UHIPMAN, and Stare (1948) injected emulsified trilaurin intravenously in which 
the carboxyl group was labelled C,,. Seventy-one per cent of the C,, was 
recovered in the expired air during 4} hr following the injection. LERNER, 
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Fig. 5. Showing the blood ketone body increase, fat disappearance rate and other 
data obtained on a normal male adult subject tc whom 1 litre of fat emulsion furnishing 
1600 calories was administered intravenously at a constant rate (NEPTUNE, GEYER, 
Sastaw, and Stare, 1951). 


CHAIKOFF, 


ENTENMAN, and DavBeNn (1949) injected emulsified tripalmitin in 
which the sixth carbon atom of palmitic acid was tagged with C,, and recovered 
in the expired air 50 to 56 per cent of the radioactive carbon within the sub- 


sequent 24 hr. Evidence of early oxidation of infused fat by patients has been 
reported by SHariroFF (1951) who infused patients with an emulsion contain- 


ing a deuterated fat. The recovery of deuterium in respiratory and urinary 
water indicated as much as 50 per cent fat oxidation within 24 hr. This author 
has reported an increased oxygen uptake and heat production associated with 
a decreased respiratory quotient in fasting subjects following fat infusion. 
However, only a very slight increase in oxygen consumption and little or no 
change in respiratory quotient resulted from infusion of | litre of a 15 per cent 
coconut oil emulsion into patients, according to the observations of NEPTUNE, 
JEYER, SASLaw, and SrareE (1951) (Fig. 5). The last-mentioned authors ascribe 
the increased oxygen consumption that may accompany fat infusion to pyro- 
genic reactions due to impurities or decomposition products. 
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Discussion 


The rapid increase in blood ketone bodies 2 to 4 hr after fat infusion must 
be taken as further evidence of the utilization of infused fat (Fig. 5) (Nepruns, 
GEYER, SasLaw, and Stare, 1951). However, clinically evident ketosis is stated 
not to occur as the result of injecting emulsified fat intravenously (Van ITaLuiE, 
WapDELL, GEYER, and Stare, 1952). The urine has been reported as positive 
for acetone during fat infusion in 20 per cent of the patients that were injected 
(SHAFIROFF and MULHOLLAND, 1951). 


VI. Evipence REGARDING THE VALUE OF PARENTERAL Fat 
AS APPLIED TO MAN 


Reports concerning the use of parenteral fat in human subjects are largely 
devoted to the extent to which reactions may have occurred and to laboratory 
data regarding the effect of the fat emulsion on the blood, urine or function of 
organs, particularly the liver. However, there is abundant proof that the 
calories contained in parenteral fat can be utilized as a source of energy. It can 
scarcely be questioned but that a concentrated source of available calories in 
an isotonic fluid may be of great value to some patients whose calorie intake is 
inadequate over extended periods of time. The usefulness of such an emulsion 
cannot be assessed until all toxic effects not inherently characteristic of emul- 
sified fat have been eliminated from preparations used on normal subjects and 
patients. Complete absence in some individuals of any adverse reactions asso- 
ciated with fat infusion make it apparent that reactions are not a necessary 
accompaniment of the injection of emulsified fat into the circulation. 

There is meagre clinical and laboratory evidence of beneficial effects of 
parenteral fat administered to malnourished patients. One such patient, given 
daily fat infusions for 36 consecutive days, was reyerred to earlier in this 
account (VAN ITaLLIE, WabDDELL, GEYER, and Srare, 1952). Elsewhere it 
was reported that four seriously ill patients receiving daily infusions of 1 litre 
of 15 per cent fat emulsion for 10 to 21 days were able to maintain their body 
weight during these infusions (NEPTUNE, Sasiaw, and Stare, 1951). 
There was a reduced nitrogen and potassium excretion by a patient on @ 
calorically inadequate diet when coconut oil emulsion was administered intra- 
venously (GoRENS, GEYER, MatrHews, and Stare, 1949). Some weight gain 
and other evidences of improved nutrition have likewise been reported in 
debilitated patients receiving 500 to 1000 ce of 10 per cent fat emulsion for 
24 days (Jounson, FREEMAN, and Meyer, 19522). Elsewhere it is stated that 
a positive nitrogen balance can readily be restored in patients with severe 


inanition using a fat emulsion combined with other forms of parenteral nourish- 


ment 1951). 


VII. Discussion 
The extent to which disease may influence the response of the organism to 
injected fat cannot be satisfactorily evaluated until the normal response has 
been established. A sparing action of oral fat on body nitrogen under conditions 
of siraple caloric deficiency has long been recognized (Lusk, 1931). The extent 
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to which protein is catabolized during starvation is influenced by the fat content 

of the body, according to the experiments of Vorr (Lusk, 1931). It was also 
shown by Vorr that the ingestion of varying quantities of fat by well-nouris‘1ed, 
fasting animals had very little influence on protein metabolism. A starving dog 
burned 96 gm of body fat, and after receiving 100 gm of fat orally, the animal 
burned 97 gm. As Lusk points out, the conditions of metabolism were identical 
in the two instances. The ingestion of fat did not alter the extent to which 
protein was broken down in the body. Similar observations were made by 
BaRTMANN (Lusk, 1931), who found that fat given up to 150 per cent of the 
energy requirement was readily absorbed but only spared protein to a maximum 
of 7 per cent. Much fat administration was sometimes associated with increased 
elimination of nitrogen in the urine and stools. This last mentioned effect calls 
to mind the increased bile pigment excretion reported to occur in association 
with high fat diets (Lozwy, FREEMAN, MarcHELLo, and Jonnson, 1943). 

The increased protein catabolism associated with certain acute processes 
such as burns or fractures is generally regarded as endocrine in origin and not 
readily modified by a high caloric intake. The extent to which malnutrition 
and debility, as they exist in many chronic diseases, may be modified by extra 
calories remains to be determined. There is no satisfactory basis for evaluating 
the extent to which infused fat may spare body fat. However, since the infused 
fat is utilized, and if no catabolism is stimulated by its infusion, one may 
assume that it spares body fat to the same extent that oral fat does. The extent 
to which injected fat will spare nitrogen is bound to vary in different conditions. 
Measuring the effect of fat infusion on nitrogen or potassium excretion is un- 
doubtedly an inadequate basis for judging the nutritional value of infused fat. 
It should also be mentioned that fat emulsions may have a nutritional value 
quite apart from their caloric content, as a vehicle for nutritionally essential 
fat soluble constituents (STARE, WADDELL, and GEYER, 1953). 

The digestion and absorption of fat normally requires many hours (Munk 
and RosensTety, 1891; Bioor, 1914). Although the peak of lipaemiec curve 
usually occurs 4 to 6 hr after fat ingestion, it is not uncommon for the serum 
to be lipaemic 12 hr or longer after a fat-rich meal. A lag of 1 to 3 hr is usually 
observed following fat ingestion before the lymph in the thoracic duct shows 
an increased fat content. The fat present in lymph during fat absorption is 
largely neutral fat. Neutral fat is normally removed rapidly from the circula- 
tion as evidenced by the relatively low neutral fat content of fasting blood. 

The rapid infusion of emulsified fat, even though it be tolerated so far as 
one may discern, is hardly to be regarded as a procedure that simulates normal 
body processes. In this regard, fat, by its very nature, represents a special 
problem beyond that presented by the digestion products of either carbo- 
hydrates or proteins. Water solubility is not a factor in the transport or 
diffusion of the amino acid or simple sugar, but special mechanisms must be 
involved if dispersion and solution of fat in aqueous media is to take place. 
While the emulsification of fat that occurs prior to infusion provides for some 
of the body’s requirements for handling fat, yet other factors probably none 
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the less essential, though Iess apparent or well understood, may not be called 
into play in normal sequence with the abnormal egress of fat into the circulation. 

It is generally acknowledged that hyperglycaemia normaily stimulates insulin 
secretion by the pancreas and thereby accelerates the mechanism of sugar 
removal from the circulation. Imbalance between sugar ingress into the cir- 
culation and the hormonal response to its presence in excessive amounts leads 
to disturbances in the homeostatic mechanism that may be manifested by 
hyper- or hypoglycaemia or both. Endocrine mechanisms that may be stimu- 
lated by amino acid absorption are not clearly defined and many tissues of the 
body appear to possess an inherent capacity to remove amino acids from the 
circulation. An excess cf either sugar or amino acids may he excreted in the 
urine. There is 10 immediate effective excretory mechanism for the disposal of 
excessive amounts of fat that may be present in the circulation. Removal of 
aggregates of colloidal substances from the circulation by the reticulo-endothe- 
lial system is a general mechanism for coping with substances that fall in this 
category. The extent to which this mechanism is invoked by fat infusion 
appears to depend upon a variety of factors. Colloidal stability, particle size 
and composition are factors that have been demonstrated to influence the 
removal of fat from the circulation. Studies coneerning the effect of heparin 
and protamine injection on alimentary lipaemia (Brown, 1952) suggest that a 
dispersing factor may be elaborated normally as part of the response to fat 
absorption. Factors regulating this mechanism may be of consequence in deter- 
mining the body’s respouse to injected fat. Further study of the extent to 
which digestion and absorption normally influence fat transport will help in 
arriving at some appreciation of the extent to which parenteral fat must initially 
be treated as a foreign substance and whether or not lipaemia in itself will 
stimulate the normal mechanisms that provide for the dispersion and uptake 
of fat by the storage cells of the body. In short, a more compiete appreciation 
of the factors concerned in normal fat transport, storage and metabolism will 
enable a more intelligent approach to the problems-surrounding the use of 
parenteral fat. 


VUI. Summary 


The general subject of parenteral fat administration to animals and man has 
been reviewed. From consideration of the various aspects of the problem it 
appears that the current status of this subject is reflected by the following 
statements: 

(1) Fine, stable emulsions of fat have been prepared and injected repeatedly 
intravenously into animals and human subjects. 

(2) The fat contained in these emulsions is largely removed from the circula- 
tion within 3 or 4 hr following injection. The rate of removal and distribution 
of the fat are influenced by systemic factors as well as by the composition and 
characteristics of the emulsion itself. 

(3) These emulsions may provoke a variety of abnormal reactions, or no 


adverse reactions whatsoever, in the recipients. 
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(4) The thermogenic response that frequently accompanies the infusion of 
emulsified fat does not appear to be due to bacterial pyrogens in the more refined 
preparations. 

(5) There is ample evidence that emulsified neutral fat injected intravenously 
can be oxidized by the body. However, the extent to which fat infusion may 
alter the metabolic mixture undergoing oxidation by the body requires further 
clarification. 


(6) Limitations in the present understanding of bodily mechanisms con- 
cerned in fat transport impair the progress cf attempts to arrive at a suitable 
fat emulsion for parenteral use. 


(7) The parenteral administration of fat is not yet perfected to the extent of 
being generally applicable to undernourished individuals. 
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SOLUTIONS OF SOAP-LIKE SUBSTANCES 
G. S. Hartley 


I. INTRODUCTION 


Over the last fifty years the study of solutions of soap-like substances has 
received an apparently disproportionate amount of the attention of physico- 
chemical research workers. Two causes have contributed to this, but historically 
three phases of activity can be distinguished. 

The first cause is essentially intellectual. Paradox and conflict have always 
been a challenge to he imagination. Ionic substances show one extreme of 
behaviour in regard to solubility, having affinity only for the most highly polar 
and associated solvents. Paraffins, as their name (from parvum affinum) 
conveys, are extremely solvent-indifferent and are consequently rejected by 
solvents whose molecules have a high degree of mutual attraction. A long 
paraffin chain with an ionic group covalently attached to its end constitutes a 
molecule in which these extremes of solution behaviour must coexist. Solutions 
of such substances are obviously peculiar. The mechanism by which the 
conflict is resolved in these peculiar solutions has naturally aroused the curiosity 
of many research werkers. 

The second cause is essentially practical. The liquid state of matter is the 
one most obviously and conveniently adapted to chemical processing, because 
it is easily and compactly containable, stirrable, and transmissible. Water is, 
by many orders of magnitude, the most abundant of liquids, but its solvent 
powers are very specialized. A wide range of substances requiring processing 
in the living plant or animal and in the home or factory, are not cissolved, and 
perhaps not even wetted, by water. The soap-like molecules, having a foot in 
either camp, are the liaison officers. as it were, which resolve this difficulty. 
Soapy water will emulsify oils which pure water will not dissolve, will wet 
materials on which pure water would remain in discrete drops, and will suspend 
finely divided solids which would float in air cushions on pure water. 

The second cause operated first. Practical interest has nearly always preceded 
academic interest, although most of our academicians since the early days of 
the Royal Society have tried to hide themselves from this fact. The ancient art 
of soap-boiling—i.e. the hydrolysis of fatty glycerides in strong hot soda 
followed by the salting out of molten soap—posed a number of peculiar prob- 
lems in the relationships of two or more liquid phases, and gave the first stimulus 
to the development of present knowledge of these solutions. 

The early investigations of the modern period concerned themselves therefore 
rather naturally with concentrated aqueous solutions. Even at concentrations 
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Introduction 
insufficient to cause separation of a second, anisotropic, phase, these aqueous 
solutions showed many abnormalities of behaviour.’ The study of these 
abnormalities made progress more quickly when yet more diiute solutions 
were examined, but, in very dilute solution, the “natural” svaps (i.e. salts of 
fatty acids of some 10 to 18 C atom content) are so extensively hydrolysed as 
to obscure the more typical abnormalities. 

Academic tendencies dictated therefore a transfer of attention to similar 
salts in which the end group is the anion of a strong acid. REYCHLER’s investi- 
gations cf fatty sulphonates’ appeared to be independent of the modest 
technical applications of the related TwircHELt reagent. There followed a 
period where academic investigations of newer compounds at least kept pace 
with industrial development. Extension of work to compounds differing in the 
location of the ionic group was again approximately contemporary and inde- 
pendent in the academic and technical fields. 

Then, however, we entered an era of very rapid industrial expansion. Seeing 
the potentialities of syiuhetic compounds in variety limited only by available 
manpower and expenditure, rival industrial concerns poured on to the market 
a host of new emulsifiers, wetting agents and detergents, giving rise, amongst 
other problems, to an almost insuperable one for anaiytical control. Not only 
has the “surfactant” industry, as it is called in the U.S.A., achieved a state of 
chaos in fifteen years unequalled by that achieved by dyestuffs over a period 
four times this long, but it produces products in many cases of low purity, 
all of which are very effective in interfering with the separation of other 
compounds. 

The common feature of all surface active agents is the existence in a single 
molecule of regions of contrasting solution-tendencies which are sufficiently 
separated to act, as far as their mutual attachment permits, independently. 
The semi-natural soaps were for a long time the only members of this class, 
and the first synthetic compounds followed a closely similar pattern, only the 
nature of the small ionic head group being changed, from —CO,- to —SO,- and 


—O—SO, and —N(Me),, ete. The general name “paraffin chain salts” was a 
convenient one. Now, however, it is not general enough, and it is better to 
restrict its use to the simpler types than to misuse it. “Surface active agents” 
is widely used, but might be held to include many finely divided homogeneous 
solids which we do not wish to consider. It includes also the horrible tautology 
“active agent,” although this could easily be avoided by replacing “agent” by 
“substance.” Some years ago the author proposed the convenient word 
“amphipathic” to describe the essential property of conflicting sympathy and 
antipathy, and this word has been fairly widely accepted in the scientific 
literature. We shall use “amphipathic substances” for the general class, and 
“paraffin chain salts” for the simplest and most characteristic members. 

We are concerned here primarily with the nature of solutions of 
amphipathic substances. The important technical aspects of surface activity 
as such will be considered only as they are affected by the nature of the 


solutions. 
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II. Sotvtions Iv GENERAL 
To understand the nature of these peculiar liquid solutions, we must understand 
first the nature of more typicai ones. 

A true solution is spontaneously formed when two previously separated 
phases of different composition are brought together. In the gaseous state of 
matter solutions are universal and complete. Gases consist of widely separated 
molecules moving at yreat speed, occasionally colliding, and contained only by 
the boundaries of the space allowed to them. Nothing can stop gases mixing, 
because nothing can stop a moving molecule from moving into the wide spaces 
between other molecules. 

In liquids, each molecule is all the time within the powerful force fields of 
its close neighbours and is therefore self-containing. Thermal movement shows 
itself, by producing frequent interchange of positions, in the property of 
fluidity. A molecule in a liquid, in other words, must always have close neigh- 
bours, but they will not always be the same neighbours. Since change of 
neighbours occurs, change of kinds of neighbour can also occur when different 
substances in the liquid state are brought together, i.e. the liquids mutually 
dissolve, but since the forces of attraction between the possible pairs of mole- 
cules may be widely different, not all liquids are completely miscible. 

Liquids are mutually soluble to an extent depending on the difference 
between the force of attraction between unlike molecules and the mean of those 
between the like pairs. In general the attraction between unlike molecules is 
less than the mean of the attractions of like molecules, and so the attractive 
forces are best satisfied by association of the molecules, like with like, in 
separate phases. This tendency is opposed by the mixing effect of thermal 
agitation, increasing with temperature. Consequently only rather extremely 
dissimilar liquids are not completely miscible; those which are not completely 
miscible usually become more soluble in one another with increase of tempera- 
ture, and at least one of the liquids of an immiscible pair has molecules of very 
high polarity or transient bonding tendency. 

One can recognize different degrees of mutual solubility of liquids even when 
they mix in all proportions. Thus, water is completely miscible with both 
methyl and propyl alcohols, but it is easy to see that it is “only just’’ miscible 
with the latter 
cause a large degree of separation of water and propyl alcohol. It is convenient 
to give quantitative expression to this fact, and this is most conveniently done 
by means of the partial vapour pressure. For liquids ideally soluble, the 
vapour pressure of each, plotted against mol fraction, is a straight line. The 
less mutually soluble are the liquids, the more do these lines become convex 


a very small addition of benzene or salt, for example, will 


upwards. Only for oceasional pairs, such as chloroform and ether, do we find 
convexity downwards, indicative of mutual attraction being greater than the 
mean of self-attractions. 

In the crystalline state the movement of molecules is much further restricted. 
Not only does a molecule always have close neighbours, but also neighbours in 
fixed relative positions and orientations, and this means that, in the vast 
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majority of cases, the neighbours remain individually the same. Usually, 
therefore, no solution occurs in a crystalline solid. The highly efficient mutual 
attraction necessary to overcome the disrupting effect of thermal agitation and 
fix the molecules in a crystal lattice can only be attained by bringing the most 
strongly attracting parts of molecules into the best relative positions. Con- 
sequently, the geometry of molecules becomes of great importance in the 
crystalline state. 

The solubility of a crystalline solid in liquids is determined by the same 
factors which govern the mutual solubility of liquids, with other factors in 
addition. These determine its tendency to dissolve in anything at all, even in 
a liquid of very similar composition. (The liquid of most simiiar composition is 
of course the molten substance itself, but in this the solid is either completely 
miscible or entirely insoluble, according to whether we are above or below the 
melting point.) The further we are below the melting point and the higher the 
latent heat of fusion, the less is the tendency to dissolve at all, and this factor 
is superimposed, when we come to be concerned with the solubility in a dis- 
similar liquid, on the factors affecting the solubility in this liquid of one chemi- 
cally similar to our chosen solid. The me Iting point particularly, and, toa less 
extent, the latent head of fusion, are dependert on much more 
of substances, including molecular waeiatini, than are joe mutual | dissolving 
tendencies of liquids. 

Failure to distinguish the crystalline and liquid factors has been 1 res 
for many misconceptions and mistakes. Let us corsider a few i 
examples. 

Benzene, although of low solubility in water, is much more soluble than 


li iid is always decreased by 


diphenylmethane. Solubility of a sligh 
increasing the size of the molecule, ile keey in ‘the same cheinical type. 
or smaller by the central methylene group, is, however, even less soluble 
than dipheny}methane. If we were to cx vet le froma thi is fact that the methylene 
group “aie a marked water attraction, we should be makiz ga a quite wrong inter- 
pretation. The dominant factor in this case is that diphenyl (m.p. 70°C) is a 
crystalline solid having much less tendency to dissolve in anything than 
diphenylmethane (m.p. 26°C). 

Phenol is much more soluble in water than benzene despite its higher melting 
point, and this is of course attributable to the very hydrophilic —OH group. 
The difference is so great that we might expect two —OH groups on the benzene 
ring to confer mutual miscibility with water. Water is miscible with fused 


resorcinol under pressure, and at room temperature resorcinol is much more 
soluble than phenol. Hydroquinone, however (ca. 5 per cent), is less scluble in 
water than phenol (7 per cent). This is not due to some cancellation of the 
attractive effects of the para groups, but to the melting Leong having soared 
to 170°C (resorcinol, 110°C; 1enol, 41°C). As a crystalline solid of high 
melting point, hydroquinone is not very soluble in any liquid. It is, as expected, 


more soluble in water than in most other liquids. 
The solubility of salts is influenced by much more specific factors than 
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operate in the case of unionized compounds. In the first place, the force 

field of ionic groups is of a very extreme type. As a very powerful electro- 
static field, it is capable of orienting polar molecules, and, as a highly diver- 
gent electrostatic field, is capable of attracting the oriented dipoles. The mutual 
attraction of oppositely charged ions, however, is also very high, and we find 
that generally electrolytes 2re only soluble in highly polar compounds, and 
water is of course an outstanding solvent for them. 

The majority of common salts are also crystalline, and specific geometrically 
operating factors are again of great importance. Consequently we find that 
salts have u very low solubility except in certain special solvents, including 
water, and that in these special solvents the solubility is very specifically 
dependent on the particular combination of ions. As in the exaiaple of phenol 
and hydroquinone mentiened above, we must not draw erroneous conclusions 
from the insolubility of some particular salt; for example, the insolubility of 
barium sulphate is not to be attributed to any unusually poor satisfaction of 
intra-molecular forces between a barium ion or a sulphate ion and water 
molecules, but it is to be attributed to an exceptionally stable crystalline 
arrangement, which makes barium sulphate of course a quite generally 
insoluble substance. 

So specific and powerful are the intra-molecular forces involved in the solu- 
tion of an electrolyte, that they exert a dominating influence where they arise, 
with the result that very frequently the influence of other factors tends to be 
ignored. It is not generally realized that modification of the behaviour of salts 
when one ion is also a large organic molecule is apparent in solutions of many 
organic electrolytes, although in not so extreme a form as in the special sub- 
stances which we are concerned with in this article. For example, we are so 
accustomed to thinking that introduction of salts into water depresses the 
solubility therein of unionized organic substances, and we are so accustomed 
to thinking of simple organic solutes such as sodium benzoate and trimethyla- 
mine hydrochloride as salts, that we are inclined to forget that concentrated 
solutions of them in water already show some modification of salt effects by 
organic solvent effects. In low concentrations, the salting out is dominant, but 
in high concentrations the organic influence, so to speak, may prevail over the 

electrolyte influence, and in fact concentrated solutions of these relatively 
simple salts are much better solvents than water for a number of organic 
substances. 


Solutions of two liquids which are nearly ideal in the sense above defined 
such as benzene, cyclohexane; ethylene dichloride, ethylene dibromide—are 
very simple in internal structure. The molecules are freely interchangeable and 
distributed at random. The properties of such solutions are simple means of 
the properties of the pure liquids, provided that the right sort of mean is 
considered, 

This is true of the solvent properties of the mixture for a third substance, 
provided it is not too soluble, as for example a crystalline substance of high 
melting point, or a vapour at less than its s:turation pressure, or a permanent 
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gas. The logarithm of this (low) solubility is a linear function of the mol 
fraction composition of the mixed solvent. If the third substance is very 
soluble in one only of the constituents of the solvent mixture, attempts to 
saturate the solvent with it result in the complicating circumstances of separa- 
tion into two liquid phases, and the behaviour is in consequence considerably 
more complicated. 

We are most usually concerned with the solvent properties of a mixture of 
a very good solvent and a very bad solvent. Very frequently, for example, a 
bad solvent is added to a solvtion in a good solvent in order to precipitate some 
wanted product in synthetic chemistry. The precipitation is quite consistent 
with the logarithmic linear relationship above mentioned. If, for instance, 
a crystalline organic substance is 10,000 times as soluble in alcohol as it is in 
water, we should expect it to have only 100 times the water solubility in an 
equimolar solution of 2lcohol in water, which is approximately 75 per cent 
alcohol. Consequently the addition of only 30 per cent of water to the saturated 
solution in alcohol will result in almost complete precipitation. 

Very few solutions are ideal, and in the vast majority of non-ideal solutions 
the molecular forces between a pair of unlike molecules is less than the mean 
of those between pairs of like molecules. In such cases the application of simple 
theory to prediction of the solvent properties of the mixture will lead us to 
expect that the mixture will always be a rather better solvent than it would 
have been if the solvents themselves had formed an ideal solution. This pre- 
diction can be made even on the assumption that the molecules in the non-ideal 
solvent mixture are still distributed at random. Actually this will not be the 
case, because whenever molecules are, as it were, really reluctant to mix (but 
not su.ficiently reluctant to outweigh the mixing effect of thermal agitation) 
they will not be distributed quite at random, but wili tend to come together 
in small, transient clusters, like to like. 

In the consideration ef any non-ideal behaviour of solutions, it is not easy 
to distinguish the effects directly due to unequal distribution of molecular 
forces, and the effects directly due to the clustering tendency, which is itself 
one of the effects of the primary cause. In certain particular cases there may 
be fairly clear distinction. For example, benzoic acid dissolved in benzene 
exists to a very large extent as definite molecular pairs, formed by hydrogen 
bond association through the carboxyl groups. The thermodynamic behaviour 
of benzoic acid in benzene fits in quantitatively with the view that the benzoic 


acid forms an equilibrium state between single and double molecules. If we 


take, however, alcohol in water, there is very good evidence that the alcohol 
molecules are, to some extert, grouped together, but the association is very 
much looser than in the example just quoted, and has no clearly defined limit. 
Alcohol molecules are doubtless found adjacent to one another more frequently 
than would be the case in a purely random distribution, but the association 
will be in the form of pairs, triplets, etc., the clusters increasing in average size 
as the alcohol concentration is increased. 

The effect of this non-random distribution on the solvent properties of the 
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mixed solvent is to give the mixture yet higher solvent power than would 
otherwise be expected. The solvent power, however, is still much closer to a 
logarithmic mean than to an arithmetic mean. Fifty per cent alcohol is still a 
very poor solvent compared with alcohol for organic substances which are 
almost insoluble in water, but the effect of the nen-ideal solvent mixture is 
clearly illustrated by a comparison of 50 per cent methanol, ethano! and 
propanol. The sclvent power of these mixtures relative to that of the pure 
alcohols increases markedly in that order, with increasing tendency to 
cluster. 

With simple solvents we find that the solvent power of the mixture is only 
an arithmetic mean of the solvent powers of the two separate solvents when 
the solvents remain separate. That is to say, only when they are immiscible. 


III. Sotutions oF AMPHIPATHIC SUBSTANCES 


The saturated paraffins are about the least soluble of all liquids in water. 
Nearly all simple organic substances are more svluble in other liquids than they 
are in a vacuum, that is to say that the volume concentration at equilibrium 
in solution, even in a poor solvent, is greater than the volume concentration 
in the saturated vapour. Paraffine are so extremely insoluble in water that 
they provide the only known exceptions to this generalization. The mutual 
attraction of water molecules is so great, and so completely incapable of being 
satisfied by association with paraffin instead, that the paraffin molecule is, so 
to speak, squeezed out of solution to a very extreme degree. 

What happens therefore when we introduce into water a substance in which 
an extremely hydrophilic ionic group is covalently attached to a fairly large 
paraffinic group is a matter of some theoretical interest, as well as of course of 
immense practical importance. We have brought together inescapably in the 
same molecule the two widest possible extremes of solvent reaction. In the 
behaviour of the salts of the lower fatty acids there is nothing very remarkable. 
The intra-molecular forces between the ionic group and the water molecules is 
so great that the intrusion of a few carbon atoms saturated with hydrogen is 
of little account, but when we come into the molecular weight range usually 
classed as soaps, namely from about 10 carbon atoms upwards, the character- 
istic and peculiar behaviour of amphipathic substances becomes evident. We 
have now introduced so much paraffinic matter into each ion that the water 
molecules can, so to speak, hardly fail to notice the intrusion. On the other 
hand, their attraction for the ionic group is so strong that it cannot be so lightly 
relinquished. If another liquid, immiscible with water, and miscible with 
paraffin, is present, the obvious answer to the problem is the absorption of the 
soap ions into the interface, the paraffinic tails lying within the oil phase and 
the ionic heads in the aqueous phase. This results in the increased facility of 
gross mixing of the two phases, so as to provide sufficient area to accommodate 
all the absorbable ions. Otherwise expressed, the interfacial tension is reduced 
to a very low value, and extension of the interface by disruption of one of the 


phases is facilitated. 
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Where, however, no such surface offers itself for satisfaction of the amphi- 
pathic property by absorption, there is a tendency for spontaneous formation 
of separate paraffinic phases in an anisotropic state of division. In other words, 
the amphipathic ions tend to distribute themselves not randomly throughout 
the solution, but in clusters, of which the paraffinic tails form the interior and 
the water-attracting ionic groups the surface. 

It is important to appreciate that it is the enormous mutual attraction of 
water molecules and their attraction for ionic groups which are the important 
factors in this process. The mutual attraction between the paraffinic groups in 
isolation is not very great, and is in fact less than with practically all other 
groups known to organic chemistry. We have to attain molecules of fairly 
considerable size and very regular shape in the paraffinic series before we find 
substances which are crystalline at room temperature, and the substances are 
all more volatile than other carbon compounds of similar molecular weight. 
The association of amphipathic ions in aqueous solution is therefore to be con- 
sidered, from the molecular force point of view, as an association of water 
molecules leaving clusters of non-water attracting groups of the largest possible 
dimensions in order that there should be least intrusion amongst the water 
molecules. Consistent with this view, the partial volume of water in the solu- 
tions decreases when aggregation occurs while that of the paraffinic moiety 
increases." We do not expect, therefore, nor do we find, any elaborate 
organization of these aggregates, or micelles, as they are generally called. 


IV. NormMat Cyarn SALts 


We will first of all consider the simplest members of our peculiar class. These 
include the true soaps, and are the compounds in which we have a simple 
unbranched saturated paraffin chain with a relatively small ionic group at one 
end. Many of the newer amphipathic substances which are of greatest use in 
industry have a less simple geometrical form, and their behaviour in solution 
is rather more complicated. It is convenient, therefore, to consider the extreme 
and simple type of substances first. 

Where such substances are soluble in water, they are usually very soluble. 
If the solubility exceeds something of the order of 1 part in 1000, it will probably 
attain a value of some 50 or more per cent. Generally speaking, these salts 
have a positive temperature coefficient of solubility in water, and as a con- 
sequence of these two properties, the curve of solubility against temperature 
has a rather extreme form, showing a normal degree of temperature dependence 
in the low concentration region, changing over fairly abruptly into a very 


steep ascent in the high concentration region.) One may in fact almost speak 


of a critical solution temperature, irrespective of concentration. This circum- 
stance is itself evidence of aggregation in these solutions. 

Other evidence for aggregation is provided by the facts: 

1. Depression of water vapour pressure in paraffin chain salt solutions at 
high concentration is considerably less than in the case of a simple electrolyte 


of corresponding concentration. 


4 
- 
~ 
97 


Solutions of Soap-like Substances 


2. The overall mobility of the paraffin chain ions in the electric field is 
abnormally high. While the total equivalent conductivity is less than that of 
a simple electrolyte at corresponding concentration, when multiplied by the 
transport number to give the paraffin chain mobility, this is found to exceed 
very considerably the value obtaining at infinite dilution. The only conceivable 
mechanism of this is that the paraffin chain ions are grouped together, so thet 
the same electrical force is operative against a diminished viscous resistance. 

3. The solvent power of an aqueous paraffin chain salt solution for organic 
substances of low water solubility is much greater than that of an ordinary 
water-miscible solvent at similar concentration, and in fact the amount dis- 
solved in excess of that dissolved by water only is almost proportional to the 
paraffin chain salt concentration over a very considerable range. 

This iast point is one of the most important lines of evidence, and one which 
is of considerable technical interest; it has also aroused a very considerable 
interest in academic circles of recent years. Its significance is clearly envisaged 
in the closing paragraphs of our introductory discussion. As far as solvent 
power is concerned, the solution of the paraffin chain salt in water behaves 
almost as though it were not a solution, but a gross mixture of two immiscible 
liquids. Nevertheless, the solutions are usually optically clear. One can only 
conclude that the paraffinic phase is extremely finely divided; that is to say 
that the paraffin chain ions are aggregated together into clusters very much 
larger than the solute molecules, but still smaller than the wavelength of 
light. 

I have above deliberately avoided the use of the word 


‘ 


‘solubilization,’ which 
I consider, besides being a very ugly word, to be a misleading and unnecessary 
one. It implies that the solute has suffered some active chemical change, which 
of course is not the case. There is nothing peculiar about the solute, but only 
about the solvent, and the peculiarity in the solvent power of the mixed solvent 
is a peculiarity in degree only, and not in kind. We shall have more to say 
about this subject later. 

Further evidence ot aggregation is provided by the existence of a rather 
sudden transition in all accurately measurable physical properties of the solu- 
tion in the neighbourhood of a fairly weli defined concentration characteristic 
of the salt concerned, and particularly dependent on the length of the paraffin 
chain. The form of this change in physical property depends, of course, on the 
nature of the property examined. If, for example, we measure the total volume 
of a solution containing a constant amount of water as a function of the amount 
of paraffin chain salt dissolved in it, we have of course a continuously increasing 
volume, but the rate of increase suffers a change at this critical concentration. 
Consequently, if we plot not the total volume, but the differential of the total 
volume with respect to salt amount, the resulting function, the partial specific 
volume, suffers a fairly abrupt stepwise transition, from one more or less 
constant value to another. The total volume divided by the total amount of 
salt, i.e. the apparent specific volume, shows an increase commencing suddenly, 
but approaching its new maximum more slowly. 


28 


ate 
oe 
« 


Norma! Paraffin Chain Salts 


The types of curve are shown in Fig. 1. It is important, when comparing 
evidence from quite different kinds of measurement, to ensure that functions 
of the same mathematical type are compared. Thus, the equivalent conduc- 
tivity curve should be compared, not with dV /dC, but with V/C. 

The significance of this rather abrupt change in properties was first appre- 
ciated by Bury in explaining the rather less marked, but related changes, 
occurring in aqueous solutions of butyric acid." He pointed out that it was 
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Fig. 1. Comparison of variation of conductivity and solvent pewer with concentration to 
show necessity of functions of the same type. 
ility zobenzene at 25°C in aqueous cetyl pyridinium chloride of 
concentration C. Data from Hartley. 
K specific conductivity of cetyl pyridinium bromide at 35°C. Data from HARTLEY, 
and Saris. 
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to be expected from the application of simple mass action considerations to 
aggregation if the assumption was made that the aggregates consisted of fairly 
large clusters of molecules, with no appreciable concentration of clusters of 
intermediate magnitude. In its extreme form we might imagine the size of the 
clusters to be infinite, in which case of course we should be simply dealing with 
a phase change. For example, we should get even more sharply marked changes, 
of the same type as those observed in the clear aqueous solutions of paraffin 
chain salts, if we plotted the properties of a mixture over a range of additions 
of solute which went beyond the saturation point. The abrupt change would 
commence, of course, as soon as saturation was reached. These considerations 
were further elaborated by later workers, but it is not possible to make, from 


the degree of abruptness of the changes, any quantitative estimate of the 
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degree of aggregation, except that the aggregates must be much larger than 
any occurring in simple solutions. The important point is that the sudden 
change would be very much blurred by the presence, in appreciable concentra- 
tion, of intermediate states of aggregation. 7 

We are dealing with a mechanism of aggregation, which can operate in the 
case of a large aggregate, but which does not, at any concentration, favour a 
smaller one. We must also bear in mind that we are dealing with an equilibrium 
system, ard that not only are these large aggregates preferred to smaller ones, 
but tuey are also subject to some limiting factor. This is a consideration which 
must not be overlooked if we are to arrive at a satisfactory picture, although 
one of the most commonly postulated types of aggregate, namely the lamellar 
aggregate, with the paraffin chains arranged parallel to one another, provides 
no satisfactory mechanism for this limitation. As the writer has elsewhere 
expressed it," this picture is very easily drawn, but the difficulty is to stop 
drawing it; one may fairly ask whether Nature herself does not find a cor- 
responding difficulty. The basic mechanism of aggregation arises from the very 
strong tendency of the self-attracting water molecules to reject the paraffin 
chains, while retaining the ionic groups. If we postulate an aggregate, with 
the paraffin chains forming an essentially liquid or chaotic interior, and the 
ionic groups forming the outer surface of the resulting spherical particle, we 
do obtain a picture which gives a satisfactory explanation, both of the absence 
of small aggregates and of the limitation in size of the large ones. 

Two chains, forming a pair, will cause comparatively little reduction, per 
chain, in the extent to which water molecules are undesirably separated. A 
third chain, lining up with the first two, will cause a rather bigger reduction 
in the number of water molecules separated. Comparatively little further 
energy advantage is obtained beycnd this point, and is only realized for a small 
number of chains when they are lying parallel to one another. When parallel, 
they still expose a large surface of contact between paraffin and water and 
moreover require to be in a particular disposition relative to one another in 
order to secure what energy advantage is obtained. In the large spherical 
aggregate, on the other hand, the whole exterior is dominated by the presence 
of the extremely hydrophilic ions, so that the maximum energy advantage is 
obtained, and the orientation of the chains in the interior is subject to very 
much less restriction. The large spherical liquid aggregate is therefore favoured. 
If, however, this is to increase in size, then either some ionic groups must be 
submerged in the paraffin interior, against which operate the very strong forces 
between the ions and water, or the spherical aggregate must assume some 
anisodimensional form in which a greater restriction on the orientation of the 
chains is imposed.“ 

Direct experimental evidence in favour of this liquid arrangement is provided 
by the very high solvent power of aqueous solutions of paraffin chain salts 
above referred to. Only liquids, in which the arrangement of molecules is 
chaotic are generally good solvents. Solutions in the solid state, as has already 
been pointed out, are very unusual, The remarkable features of the solvent 
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Fig. 2. At A is depicted the generally accepted disposition of a single paraffin-chein ion 
in water, the chain being crumpled on itself so a to separate the fewest possible water 
molecules. 

At B is a hypothetical pair of ions. Not much more confi gurational latitude can be 
allowed to each chain and the fact that they must assume a close r lationship of con- 
figuration more than compensates for this. The enenmzy advanta ge is very small as the 
arrangement at best reduces only slightly the num! f water sesingalh 3 separated. 

At C we have a schematic section of the spherical micee shown incomplete ‘ly filled by 
paraffin-chain ions. The arrows show the cor 1ratiomal] latitude allowat le which is 
greatly increased compared with A and B. The “arrowed” chain cannot of course assume 
any configuration in the space indicated irrespec 29 behaviour of neighbouring 
chains, but neither could it in paraffin liquid. it b n the micelle, about one-third of 
the space available in paraffin liquid unde } mm iditions of nearest neighbour 


restraint. The energy acvantage is nearly maxim the ionic groups in the outer shell 
constitute an almost completely hydrophilic skin. 

To gain greater energy advantage by further increase in size of aggregate there are 
three apparent possibilities: 

D, increase of size while remaining spherical. This requires either 


(1) a “hole” in the middle which cannot be more than a few C atoms in size; 

(2) @ paraffin-soluble additional solvent which can populate a small central region 
exclusively. This explains why dissolved sut ne screase » the micelle size; 

(3) a submergence of ionic groups in the tion of the micelle which is 
perhaps permissible with the more organic-scluble jon co ie ations—e.g. more probable 
with cetyl pyridinium iodide than with cl evide. 


E, increase in one dimension only, i.e. throug clate spheroid towards the extreme 
of a cylindrical rod, shown in section including t} =o minor axes, in which the only 
difference from C is that the shell is more densely populated with ions so that a smaller 
proportion of chains can, at any one time, reach the centre. This forces a “less than 
random” parallelism between chains. Much the mo bable deviation from C. 

I’, increase in two dimensions, i.c. through an oblate heroid towards the extreme of 
a lamella, Since the chief outer surfaces are parallel and as far apart as possible, the 
chains are forced into a more than random parullelisrm and therefore the arrangement 
requires much greater restriction which will not normally occur unless the local energy 
advantage of crystalline packing becomes dominant. The arrangement is in fact that of 
an undissolved crystal. 
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power of paraffin chain salt solutions are (1) that this solvent power is very 
great, far greater than in a corresponding concentration of a molecularly 
diluted solvent, such as acetene or alcohol, and (2) that it is very general. A 
large liquid micelle provides an explanation of both these peculiarities. The 
solvent power is great because the additional solvent is not really diluted in 
terms of molecular magnitudes. It is very general because the additional 
solvent is still a liquid. Tne solubility of a non-polar substance which is a 
crystalline solid of sufficiently high melting point to have a rather low solubility 
in any solvent is determined mainly by its solubility in paraffin, i.e. it dissolves 
in the paraffinic interior of the micelle without sufficiently changing the pro- 
perties of the latter to have any serious effect. This has been established for 
the case of azobenzene in solutions of cetyl pyridinium chloride“ and for 
azobenzene and naphthalene in potassium laurate and dodecyl ammonium 
bromide.“”) Generally the crystailine substance is rather less soluble in paraffin 
chain salt than this theory would predict, and the soap is a noticeably less good 
solvent than the cationic paraffin chain salt. 

Where the crystalline organic substance has a partly polar character and is 
in fact slightly amphipathic itself, as with dimethylaminoazobenzene,“ the 
solubility may be rather greater than predicted, due doubtless to partial 
inccrporation in the micelle in the same orientation as the paraffin chain ions 
themselves. 

Where we are dealing with a liquid hydrocarbon, the solubility is quite 
definite ard a clear distinction can be drawn between the emulsion and the 
optically clear selution. No abiormal viscosity or anisotropy of the solution 
results. Presumably th? swollen micelle still remains spherical and the limita- 
tion of solubility is now imposed by the fact that the micelle cannot be very 
extensively swollen before the innermost portion of it ceases to be penetrated 
by paraffin chains. As soon as an inner region containing several molecules of 
added hydrocarbon only develops, this region is no longer molecularly diluted, 
and has the full vapour pressure of the liquid in the pure state.“ The solu- 
bility limit is therefore reached. The solubilities of several hydrocarbons have 
been investigated"® and also the vapour pressures over solutions which are 
less than saturated in the liquid hydrocarbon."” 

Further evidence in favour of the liquid arrangement of paraffin chains is 
provided by the nature of the density changes during aggregation. In all cases 
that have been investigated, the partial volume of the paraffin chain salt 
increases during the aggregation, while that of the water decreases.'® Not only 
is the change in this direction, but, in the case of the paraffin chain salts of 
fairly long chain length, the partial volumes in solution are actually greater 
than the partial volumes in the solid state. A striking example is provided by 
cetyl pyridinium chloride, which is denser than water in the crystalline solid 
form, but solutions of which are lighter than water.“® This is a very abnormal 
state of affairs for an electrolyte solution, because the hydration of ions results 
in a compression of the water molecules in the hydration layer, and a con- 
sequent increase of density. The solution of all simple electrolytes in water is 
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accompanied by a reduction of total volume. The explanation of the reverse 
phenomenon in the case of the paraffin chain salts must lie in the behaviour of 
the paraffin chains themselves, and is clearly due to a change from the parallel 
arrangement in the crystalline solid to the chaotic liquid arrangement in the 
solution aggregate. So important is this line of evidence that one may perhaps 
be excused for stressing once more the significance of a property so easily 
measured as density, but which is so often not measured before a lot of more 
complicated and less easily interpreted experiments have been undertaken. 

It does not, of course, follow directly from this evidence of the liquid nature 
of the aggregate that the aggregat2 is spherical. There are, however, two more 
direct lines of eviderce in this connection. Firstly, we have the direct deter- 
rmination of size of the aggregates. Measurements of osmotic pressure have not 
been fruitful because the equilibrium between aggregates and single ions is so 
facile, and the penetrating powers of the single, almost linear ion, so great that 
it is practically impossible to find a satisfactory membrane. The most direct 
experimental evidence is therefore that obtained by diffusion measurements,“ 
which had to be made in a swamping excess of simple electrolyte in order to 
overcome diffusion potential effects, which would otherwise make the results 
almost impossible to interpret. The results of these measurements agreed very 
satisfactorily with the spherical micelle theory, the radius being slightly greater 
than the length of a fully extended chain. 

The other line of experimental evidence was first used in an entirely opposite 
direction, and is that provided by the x-ray diffraction camera. When strong 
solutions of paraffin chain salts are examined with this instrument, a moder- 
ately clear diffraction ring is obtained, indicative of a long spacing, which 
decreases with increasing concentration of solution.’ ‘There is also present a 
less well-defined outer ring, indicative of a short spacing approximating to that 
to be expected between parailel paraffin chains. These diffraction rings were 
first interpreted in terms of orthodox crystalline structure, and it was assumed 
that the long spacing must represent that between corresponding planes in 
oriented lamellar micelles. The explanation, however, did not go far enough 
back into the fundamentals of the subject. All that we can really conclude, in 
what must necessarily be the equivalent of a powder photograph, is that there 
is a repeating distance in the solution between corresponding arrays of diffract- 
ing atoms, but these need not necessarily be constant distances between plane 
surfaces. The aiternative explanation in terms of the spherical micelle theory 
was made by Hartiey,” who pointed out that in concentrated solution 
the very high electric charges of the spherical aggregates would cause them to 
be disposed in approximately a three-dimensional honeycomb pattern. The 
nearest neighbour distances between corresponding parts of these spheres can 
be calculated (see below) in terms of the total volume concentration and the 
radius of the spheres, and it was found that the variation of long spacing with 
concentration could be quite simply and satisfactorily accounted for, assuming 
spheres of constant radius rather greater than that of a fully extended 


chain. 
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This view has now been accepted by experts in the analysis of x-ray diffrac- 
tion pictures. Not only is the long spacing satisfactorily accounted for, but 
also a fainter diffraction line indicative of an intermediate spacing. The short 
spacing has received less attention. It would be desirable to know in the first 
place whether it is any stronger than would be expected in an amicroscopic 
emulsion of the corresponding straight-chain hydrocarbon alone. In these, 
local parallelism of chains is to be expected on purely geometrical grounds. 
When we say that the iaterior of the micelle is liquid we do not mean that it 
is more chaotic than the bulk liquid hydrocarbon itself. 

A further line of evidence on the structure of the micelles is provided by 
light-scattering phenomena.) There is no appreciable scattering of light by 
particles which are considerably smaller than the wavelength of light, especially 
when they are composed of material differing very little in refracting power 
from the continuous medium around them. When at least one dimension of 
the particles exceeds considerably the wavelength of light, light is scattered 
and the intensity of the scattered light, as a function of the angle between 
scattered and incident light, depends on the number of dimensions in which 
the wavelength of light is exceeded. Aqueous solutions of the majority of 
soluble paraffin chain salis alone at concentrations of only a few per cent, 
which is still well above the critical concentration for the majority of the salts 
we are concerned with (and where therefore it is clear that most of the paraffin 
chain ions exist in the aggregated state) are optically empty. Therefore the 
only evidence to be derived from light-scattering is that the particles have no 
dimension greater than about 500 A. In very high concentration, however, or 
frequently in the presence of a high concentration of simple electrolytes, the 
solutions become appreciably turbid and the measurement of scattered light 
intensity now gives us not only information about size, but also some informa- 
tion about shape. Light is scattered in all directions from the transmitting 
beam, but the variation of intensity with angle can be shown to be different 
for different shapes of particle. DeBYer concludes that we are dealing in these 
soiutions with very clongated particles which are, however, in the nature cf 
thin rods rather than thin plates, that is to say, that only one of the three 
cartesian dimensions exceeds the wavelength of light, and all that can be stated 
about the others is that they are considerably less than the wavelength. It is 
of interest in this connection that Harriey, in considering the factors 
involved in micelle formation, concluded that the liquid sphere was the most 
probable, but that if any departure from the sphere form occurred, it was more 
likely to be in the direction of a prolate than of an oblate spheroid,” since the 
former allows considerably more latitude in the geometrical configuration of 
the paraffin chains. He considered in fact that ue balance between the sphere 
and the prolate spheroid was a rather delicate one. The prolate spheroid 
enables a more closely packed ionic exterior to be presented to the water. 
Maximum packing density is attained around the minimum circumference 
when the eccentricity is still fairly small. If the conditions disturb the 
balance in favour of the prolate spheroid, the mechanism of intrinsic limitation 
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of aggregation is lost and the extension to long rod-like particles is almost 
necessary. Their mean length will be statistically determined by concentra- 
tion.‘ 

The diffusion measurements cited above as being the most direct evidence in 
favour of the spherical particle are obviously very difficult to reconcile with 
any other picture, but they were made only on optically clear solutions in which 
light-scattering measurements would not indicate anything else. It is therefore 
most probable that the particles are essentially spherical in the simpler pure 
solutions where these are optically clear and of low viscosity and that in some 
cases, particularly on the addition of simple electrolytes, the balance is dis- 
turbed in favour of the rod-like particles which produced the form of light 
scattering observed. 

The presence of very long rod-like particles is likely to produce another 
observable effect, namely an abnormally high viscosity. Not only is an abnor- 
nally high viscosity apparent in the case of certain specific solutes, even at 
fairly low concentrations, but it is a viscosity of a qualitatively anomalous type. 
In particular, elastic recoil is very evident in such solutions, and has been 
sometimes noted in extremely low concentrations. It seems quite impossible 
to account for this elastic behaviour without postulating the presence of very 
elongated particles. Not only must they be elongated, but they must be 
capable of being stretched elastically. In the case of similar elasticity produced 
in solution by certain proteins, particularly mucin in, for example, the 2xcretion 
of the parotid gland which is responsible for the familiar “ropiness”’ of saliva, 
it is generally considered that the elasticity of the particles responsible is essen- 
tially a reversible folding of the protein chain, which of course has complex 
potentialities of internal association. Such a mechanism in the case of elastic 
solutions of paraffin chain salts seems to be outside the possibilities of their 
chemical structure. If, however, we are dealing with very long rod-like particles, 
the interior of which is essentially liquid, we can see et once an entirely different 
mechanism of elastic recoil. Such a particle can clearly be stretched. As it is 
stretched, the hydrophilic groups in its surface are necessarily separated farther 
apart, the interfacial tension is therefore necessarily increased, and the rod 
tends to contract to its original shape, after the manner of the crawling worm 
rather than a spring. Elastic contraction is not inconsistent with indefiniteness 
of equilibrium length because in it we are concerned with contraction to a 
resting length per unit amount of paraffin chain content—or lateral expansion 
to a fixed maximum. 

This structural elastic effect in paraffin chain salt solutions is notably sen- 
sitive to very small changes. The earliest example is provided by ammonium 
oleate solutions, which are elastic, in contrast to solutions of the sodium or 
potassium salts, which have normal and not very viscous behavicur. Ammo- 
nium oleate is, however, a very feeble example in comparison with others that 
have later been reported, and where the differences are even smaller. For 
example, the strong and saturated cetyl sulphonic acid, which forms perfectly 


normal solutions with the majority of bases when the salts are soluble, forms 
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very highly elastic solutions between about 60°C and 80°C when the base is 
aniline or paratoluidine, but solutions without any trace of elasticity when the 
aniline carries a methyl group on the nitrogen atom. The elastic solutions 
retain the generai solvent properties which are a clear indication of an essen- 
tially fluid structure of the micelle, but the introduction of too much micelle- 
soluble material destroys the elasticity. This is not surprising, in view of the 
fact that it must clearly increase the size of the micelle and therefore provide 
a means of reducing the separation between the hydrophilic groups alternative 
to the formation of an elongated particle. 

Optical anisotropy should of course be detectable in the solution of liquid 
micelles when these are in the filamentous ccndition, since, although the interior 
of such micelles contains fluid paraffin, it cannot of course be entirely aniso- 
tropic. Since all the chains in a cylinder terminate in the surface, they will lie 
more nearly radiaily than if they did not do so. The deviation from random 
distribution will be small, and the anisotropy therefore feeble. It has, however, 
been demonstrated under sheer by ScHERAGA and Backus” working with 
cetyltrimethyl ammorium bronnide in the presence of potassium bromide. No 
birefringence is detectable in solutions without the added simple salt. It is 
estimated that the mean length of the rod-micelles with 0-15N KBr is 1200 A 
and, with 0-4N KBr, 4000 A. 

The lamellar micelle is still considered by many writers to be the most 
probable structure despite its inherent improbability, and a good deal of 
experimental evidence against it. It is well, therefore, to summarize this 
evidence. 

It was first held to be the only explanation of the x-ray diffraction patterns. 
The long spacing was considered to be that between corresponding planes and 
its increase with decrease of concentration to be duc to the inclusion of more 
water between the parallel ionic faces. Whatever the lateral dimensions of the 
lamellae, much more water must be situated between the exposed paraffinic 
cylindrical faces than between the ionic planes. The water between these 
planes, although many molecules thick, is nevertheless characteristically deter- 
mined by total concentration. This distribution of water is very peculiar and 
no exponent of the lamellar micelle theory has suggested any explanation. A 
further difficulty arises if we consider the increase of spacing due to the intro- 
duction of a paraffinic soluble solute—this is disproportionately great and the 
exponents of the theory have now to assume that the water accommodated 
between the ionic layers is increased by the incorporation of solute between the 
paraffinic layers. ‘‘Curiouser and curiouser!” 

The spherical micelle provides a satisfactory explanation of these phenomena, 
We have only to postulate that the micelles are of constant size in the pure 
solution, the radius being a little more than the length of an extended chain, 
and arrange themselves as far away from their nearest neighbours (due to 
coulomb forces) as is geometrically possible. Introduction of a solute within 
the micelle increases the size disproportionately because it is mainly in the 
interior and permits a greater radius to be attained. 
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If the chain length is - and its effective cross section in solution is A, 


4 
the pure micelle has paraffinic volume 3 ar and a content of — chains. 


Suppose we now introduce a paraffin-soluble solvent in volume fraction p of 
the paraffin volume. If uniformly distributed, the radius of the micelle will not 
change and its content of chains must be decreased. This would result in an 
increase of number of micelles and therefore a reduced long spacing. Since, 
however, the micelle strives to have as hydrophilic an exterior as possible, it 
takes advantage of the presence of the solute to grow, by leaving solute alone 
to occupy the innermost region. This type of growth cannot occur indefinitely, 
as this would lead to a phase separation, but it is clearly possible for the size 
to increase by a fraction of a chain length. Even a single molecule at the centre 
cap produce a profound effect. Take for example a 15 C atom chain, for which 
r is effectively 20 A, giving a paraffinic interior for the micelle of volume 
33,500 A’ and containing therefore about 70 chains. A molecule of liquid benzene 
occupies a sphere of approximately 150 A? or of radius 3-3 A. A single benzene 
molecule at the centre therefore increases the micelle radius to 23-3 A and its 
volume to approximately 52,900 A. The paraffinic volume is thus increased 
by rather more thau 55 per cent and the number cf micelles reduced accordingly. 
In this case the addition of as little as 0-5 per cent of benzene (by volume on 
the paraffin volume) would produce a 15 per cent increase of long spacing. In 
fact, of course, the effect is not so extreme as this, because the paraffin-soluble 
solute will not be confined to the centre. We introduce this calculation only to 
show that there is nothing surprising, on the spherical micelle theory, in a 
disproportionate effect of addition cf paraffin-soluble substance. 

The lamellar micelle theory requires an unexplained and improbable be- 
haviour of the water. It also requires an unsatisfactory and improbable arrange- 
ment of the paraffin chains. Unsatisfactory because a cylindrical surface, of 
indefinite extent, of paraffinic matter is exposed to the water, improbable 
because a strict parallel alignment of the chains is usually postulated. This is 
a much more restricted arrangement than the liquid one and will not be favoured 
therefore unless there is an energy advantage to be gained. This does not 
normally arise unless the closer packed pattern of the crystal is attained. 
Coupled with there being no evident mechanism for the limitation of size of 
the lamella aggregates, we conclude that they do not exist, except in indefinite 
size as crystals. 

Not only have we this strong theoretical argument against the lamellar 
micelle, which is essentially a crystalline micelle, but we have the experimental 
evidence, as previously quoted, both of solvent power and density, that the 
micelle is not crystalline, but essentially liquid. Furthermore, there is direct 
evidence from diffusion measurements, as well as indirect evidence from X-ray 
diffraction, that the size of the micelle in clear solutions is about that predicted 
by the micelle theory, and that in the turbid solutions there is the evidence of 
light scattering measurements that the micelle is elongated in one dimension 


only. 
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V. ELEcTROCHEMISTRY 


We have so far approached the subject of the state of solution of paraffin chain 
salts from the viewpoint of the general theory of solubility. Measurement of 
solvent power and density could have established the present theories almost 
unaided but most of the earlier evidence was based on electrical measurements. 
This was due to the ease and accuracy of these measurements and to the 
primary interest at the time in electrical charge on colloida! particies as the 
main factor in determining their properties. 

Further emphasis was placed on the electrical conductivity of paraffin chain 
salts by the classic discovery of McBain‘®) that, over a limited range of 
concentration, the equivalent conductivity of the salt increases with increasing 
concentration. This was explained by the decreased resistance to movement 
through a viscous liquid of a close packed group of ions as compared with that 
of the separate ions. Since the total electrical charge, and therefore the total 
force acting in a given potential gradient, does not, to a first approximation, 
change on aggregation, the combined ions move faster than the separate ones. 

This was, as later discoveries showed, the right explanation of the wrong 
fact. When studies were extended to salts of strong acids, in which no com- 
plications from hydrolysis alkalinity obscure the behaviour at great dilution, it 
was found that the equivalent conductivity first deviates from normal be- 
haviour at a very much lower concentration than that in which the rising 
conductivity is observed."*® The first deviation is sudden and the sudden 
change is usually a decrease. If we accept that the aggregation of ions of like 
charge is accompanied by an attraction of a considerable fraction of unlike also 
to the highly charged aggregate, a fa!l of total conductivity is not surprising. 
Clearer significance can be obtained if mcasurements of transport number are 
made as well as con ‘uctivity, so that the equivalent conductivities of the ionic 
constituents can be plotted separately. 

When this is done it is found that, at the critical concentration, the equiva- 
lent conductivity of the paraffin chain ions does indeed rise,“ and above its 
infinite dilution value, a fact which can only be explained by the decreased 
resistance consequent on aggregation. The fall of total conductivity is caused 
by a very rapid fall of the equivalent conductivity of the counter ions, this 
quantity frequently assuming a negative value, because more counter ions are 
moved backward by their attachment to the paraffin chain aggregate than 
move forwards separately. This phenomenon is naturally more extreme when 

divalent counter ions are concerned. 

In the later rise of equivalent conductivity in much higher concentrations, 
a phenomenon of much smaller magnitude and not invariably present, it is 
found that the paraffin chain conductivity, which rose at the critical concentra- 
tion, is now falling, whereas the counter ion conductivity is rising again and 
frequently more steeply. The earlier explanation cannot therefore be correct. 

The fall of paraffin chain conductivity, once aggregation is effectively com- 
plete, is presumably the normal effect of increasing concentration, particularly 
marked in the case of a very multivalent electrolyte. If aggregation had not 
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occurred, the paraffin chain conductivity would have continued to fall slowly 
as in typical uni-univalent electrolytes. If aggregation could have been present 
and complete at infinite dilution, we should have found evidence of a very 
high conductivity in this limiting condition, accompanied by a very rapid 
decrease with increasing concentration. In the transition region we pass over 
from the first curve to the second fairly abruptly. (The transition nature of the 
process would be better evident if the differential quotient d«/de were plotted 
instead of the corventional 4 = x«/C.) 
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Fig. 3. Comparison of equivalent conductivities versus concentration for octadecyl 
pyridinium nitrate (broken curve) and octadecy! pyridinium iodate (full curve), from 
data of Griecer, Kracs et al.; and for cety! pyridinium. chloride at low field strength 
(broken curve) and at 259 kV per cm for 8 x 107? sec. (full curve), from data of MatscH 
and Harzriey. Twenty-five units added to figures for latter salt. 


If, for a given paraffin chain salt, we could initiate aggregation at successively 
lower concentrations we would expect to obtain the first evidence of aggregation 
by a rise of equivalent conductivity, followed by a later fall. Obtaining our 
reduction of the critical concentration, however, by increase of chain length we 
might expect this prediction to be defeated by the effect of necessarily increasing 
initial charge on the rate of decrease of conductivity of the aggregate with 
increasing concentration. It has, however, recently been shown experimentally 
that the total equivalent conductivity can indeed rise at the critical concentra- 
tion if this is low enough and if the counter ion is of low mobility in the separate 
condition, so that it makes less contribution throughout. The effect is just 
evident with hexadecyl pyridinium iodate but is very pronounced with the 
octadecyl compound. The corresponding chlorides do not show this transient 
increase. The JZ-C curve for octadecyl pyridinium iodate is reminiscent 
(although the concentration is of course lower) to the extrapolated curve for 
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cetylpyridinium chloride in a field of very great strength (250 kV/cm)‘*) in 
which the depressant effect of the associated counter ions is partially removed 
by the high velocity ion being removed from its associated cloud of counter 
ions (Wien effect) and consequently being able to shed a portion of those actually 
attached. 

It is the general depressant effect of salt concentration on mobility, very 
great in the case of these multivalent systems and almost unpredictable along 
Desye-HUckEt lines, that makes the accurate tools of conductivity and trans- 
port number measurements of disappointingly little value. It is almost im- 
possible to distinguish the effects of actual, if transient, attachment of counter 
ions to the micelle from “ionic atmosphere” effects. The problem has been 
discussed theoretically in a detailed manner by the writer elsewhere.“® An 
experimental attack was also initiated in which it was suggested that the etfect 
of ‘“‘all other’’ ions in the aggregate on the tendency for association of one of 
them could be estimated in terms of the {-potential, which is calculable from 
the measurable conductivity of the aggregated paraffin chain ions, This poten- 


tial determines the ratio ( =) of the concentration of (univalent) counter ions 


at the micelle surface to the mean concentration in the bulk solution. The study 
showed a reasonable agreement with measurements of the apparent pH dis- 
placement when an indicator ion is absorbed in the micelle.“*» (Apparent pH 
displacements of nearly 2 pH units are frequent, when a paraffin chain salt is 
added to a buffered indicator.) This line of approach might be worthy of 
further development, but workers in this field have recently tended to use 
electro-chemical measurements as a qualitative teol only. 

It has been mentioned that, after the transition to micelle solution is com- 
plete, the fall of paraffin chain conductivity is accompanied by a rise of that 
of the counter ions. If the fraction of counter ions incorporated in the micelle 
remained constant, the second observation might simply follow from the first, 
because the retrograde movement of this constant fraction decreases and might 
do so more rapidly than the forward movement of the free ions. This effect 
alone, however, could not account for an increase of total equivalent conduc- 
tivity. This phenomenon seems to mean that the free counter ions become 
more mobile with increase of concentration or that more of them become free. 
The writer is inclined to the view that the explanation is to be sought in the 
structure of the solution combined with the very great ionic atmosphere effects. 
A dilute micelle solution consists of localized highly ccnducting regions separated 
by regions almost devoid of ions. Increasing concentration may then enable 
the conducting regions to make easier contact with one another. The conduc- 
tivity of a suspension of metal spheres in non-conducting oil would clearly 
increase much more rapidly than the concentration of metal. If this view were 
correct, the conductivity of a colloidal electrolyte and a simple one might be 
more than additive, a prediction recently put to experimental test with only 
partial success,” 

Whatever the detailed behaviour of counter ions around and on the micelle 
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surface, it is clear that the charge on the paraffin chain ions themselves is, 
per se, a factor tending to oppose aggregation. The dispersive effect of this 
charge is mitigated, directly and indirectly, by the counter ions. If these are 
increased in number by adding a simple salt, aggregation of the paraffin chain 
ions is facilitated and therefore occurs at a lower concentration. Several 
experimental studies have confirmed this. 


VI. Satts witn Partty Aromatic CHarns 


The long normal paraffin chains are still derived almost entirely from vegetable 
and animal sources. Stimulated mainly by greater ease of manufacture from 
more readily available raw materials, industry has produced many technical 
wetting agents in which the straight paraffin chain has been replaced by alkyl 
substituted aromatic nuclei. The alkyl substituents are themselves frequently 
branched, and are derived by condensation of unsaturated hydrocarbons from 
the petroleum industry. Typical examples of this class are di-isobuty! naphtha- 
lene sulphonate and dimethylhexyl benzene sulphonate. 

Few of these compounds have emulsifying properties comparable with those 
of normal paraffin chain salts having an equal number of carbon atoms. They 
find their main and very effective application as wetting agents. The nature 
of the solutions of these compounds has been comparatively little studied, 
partly because the abnormalities in solution typical of the paraffin chain salts 
proper do not arise until concentrations higher than those of ordinary technical 
interest are attained. One must expect a reduced tendency to form aggregates 
because, generally speaking, the length of the hydrophobic parts of these mole- 
cules is considerably less than that of normal paraffin chain salts having the 
same number of carbon atoms. Moreover, the aromatic nucleus is less extremely 
hydrophobic than saturated paraflin. It has been concluded from conductivity 
measurements that the benzene nucleus is equivalent to 1-5 methylene 
groups. 

Some examples of this class have been included in solution studies, particu- 
larly of the solvent power for water-insoluble substances, and it is evident from 
these that a similar type of aggregation does occur, but to considerably less 


extent. 


VII. Satts Two CHAINS oR NON-TERMINAL GROUPS 


Examples of this class are the well-knowr Aerosol series. for example, Aerosol 
OT, which is the sodium sulphonate of dioctyl succinate, the sulphonie acid 
group being attached to one of the two central carbon atoms of the succinic acid 
group. The octyl residues are dimethyl hexyls. These compounds are readily 
made by condensation of sodium sulphite with the corresponding esters of 


maleic acid. 

The Aerosols are the most widely used compounds of this class, but they 
suffer, in common with all carboxylic esters, from fairly rapid hydrolysis in 
alkaline solution. This is not shared by the Tergitol compounds, which are 
formed by aldol condensations of petroleum products, followed by formation of 
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the sulphate esters of the alcohol finally produced. Tergitol 7 has a saturated 
branched chain of in all 17 carbon atoms, 9 carbon atoms being found on one side 
of that carrying the sulphate ester group, and 7 on the other.‘*” 

Other compounds of the same general type have been subject to academic 
investigation. A series convenient for study, but not technically available, is 
composed of the sulphonates of dialkyl ethers of dihydric phenols.) Hartiry 
investigated the interfacial tension between cyclohexane and carbon tetra- 
chloride and aqueous solutions of these compounds, and found that, while in 
very low concentration they were less active than similar compounds with ali 
the aliphatic carbon atoms in the same chain, the interfacial tension continued 
to decrease beyond the concentration at which in the latter case it had become 
almost constant. Whereas with simple paraffin chain salts interfacial tension 
does not fall below about 2 dynes per cm, in the case of the sulphonates of 1,2 
or 1,3 dioctyloxybenzene, interfacial tensions as low as 0-04 dynes per cm were 
measured; doubtless even lower interfacial tensions are attainable, but self- 
emulsification in the stalagmometer capillary made their measurement im- 
possible. The reason for this behaviour is as follows. Two chains attached to 
an ionic group are almost as easily rejected by water into a pre-existing oil 
phase as is a single chain of the same total length, but owing to the fully 
stretched length of the hydrophobic part of the ion being much shorter, the 
formation by chains of a separate paraffinic phase is rendered considerably 
more difficult. Consequentiy a much higher concentration of unaggregated 
ions can be attained. 

Winsor has studied the behaviour of a series of N-tetradecyl sulphates,“ 
including all positions of the ionic group from carbon atoms | to 7. He found 
that the critical concentration in water rose from 1-7 x 107-3 N with a terminal 
ionic group to 16 x 10-3 N with a central ionic group. RaLsTon and collabora- 
tors studied, by conductivity, a series of dimethyl] dialkylammonium salts.“4 
The abrupt fall at a critical concentration was present, but the concentration 
was much higher than in single chain salts of the same number of C atoms. 
For the dioctyldimethyl salt it was 0-03 N, whereas extrapolation of data for 
trimethylammonium salts would put the figure for the corresponding pentadecyl 
trimethyl at 0-002 N. The didecyldimethy! salt had a critical concentration of 
0-0025 N as compared with 0-0004 N for the nonadecyltrimethyl. 

It is of interest that, in this series, the didodecyldimethyl ammonium chloride 
was found to be sufficiently soluble for conductimetric investigation of the 
critical concentration, found to be ca. 0-0001 N. This must be the largest 
number (26) of aliphatic carbon atoms carried into solution by one ionic group! 
The critical concentration was here heralded by an initial rise of equivalent 
conductivity, an occasional phenomenon commented on in the electrochemical 
section. The total ionic charge of the paraffin chain ions in a “double C,,” 
micelle must of course be about half that in a “single C,,” micelle, and much 
less of course than in a “single C,,” micelle which would form at the same 
critical concentration. The retarding effect of counter ions is therefore much 


less. 
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Compounds of the double chain type have been examined for organic solvent 

power in aqueous solution, and show this typical property of the paraffin chain 
salts, although considerably less strongly than the corresponding simple 
salts. 

In regard to solubility, the branched, or double, chain salts differ consider- 
ably from the single chain salts. Firstly, they have a rather limited solubility 
as optically clear solutions, but when present in larger concentrations in water, 
they appear to form spontaneous emulsions of a more concentrated phase in a 
more dilute one. Precise light scattering measurements do not appear to have 
been carried out on these solutions, but the absence both of streaming double 
refraction and abnormal viscosity indicate that the suspended phase is neither 
strongly anisodimensional nor anisotropic. HarrLey has reported an interest- 
ing example of this phenomenon which demonstrates its complete spontaneity.” 
He found that the potassium salt of the monosulphonate of the di-n-octyl ether 
of resorcinol can be obtained, by evaporation of water from a water-glycerine 
solution, in massive pyramidal crystals. When transferred to pure water these 
redissolve with a turbid “‘halo”’ and, if the total concentration exceeds about 
1 per cent, the solution remains turbid. 

The second difference is that they are much more readily soluble in organic 
solvents than corresponding simple paraffin chain salts. This organic solubility 
is so pronounced that it operates against the effectiveness of the compounds as 
emulsifying agents for aromatic or polar liquids. They are, however, extremely 
active emulsifiers for saturated aliphatic hydrocarbon, in which liquids alone 
they are less soluble than in water. 

The most probable explanation of these solubility peculiarities is to be found 
in the crystal structure of these deuble chain salts being a much less stable 
arrangement than that of the corresponding simple salts. Consequently, they 
have a greater tendency to dissolve in all solvents, but this tendency is not 
equally manifest in water because of the greater difficulty of forming the normal 
type of aggregate which contributes to the very high solubility in water of the 
simple paraffin chain salts. 


Unionizep AmpuipatHic SUBSTANCES 


The essential characteristic of the amphipathic salts is the presence of two 
strongly opposed solution tendencies covalently united in the same molecule. 
The most extreme behaviour is naturally found with a combination of the most 
extremely opposed types of solvent reaction, namely the saturated paraffin on 
the one hand and the strongly ionized group on the other. There are, however, 
many strongly hydrophilic groups which do not carry an overall electric charge, 
and if sufficient of these are present attached to one end of a paraffin chain, a 
solution in water results, having many of the peculiarities of a solution of a 
paraffin chain salt. Such substances are good wetting agents and fairly good 
emulsifying agents, and in high concentration they show considerable solubility 
for organic substances. A considerable technical development of this type of 
substance has been undertaken because amphipathic substances of this type 
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have one very great advantage over the ionic compounds in that their be- 
haviour is almost independent of ionic impurities in water. The deficiencies of 
soap in hard water are of course well known. Many of the synthetic compounds 
have avoided the worst of these disadvantages because salts have been obtained 
whose calcium salts are not insoluble. Nevertheless, although introduction of 
divalent cations to a solution containing them may not result in precipita- 
tion, it still has a profound influence on the interfacial properties. The unionized 
compounds, on the other hand, are almost completely indifferent to low con- 
centrations of simple electrolytes in water. 

The most obvious choice for a non-ionized substitute for the ionic group 
would be a head group containing a number of hydroxy] groups, as for example 
the glucoside of a fatty aleohol. Compounds of this type have been made but, 
owing to ease of manufacture, the choice bas usually fallen on a polythylene 
oxide chain, obtained by the condensation of ethylene oxide with a fatty acid 
or alcohcl or an alkyl substituted phenol, ete. Condensed glycerol has aiso been 
used in place of ethylene oxide. 

There seems no doubt, mainly from solubility evidence again, that aggrega- 
tion is present in solutions of the non-ionic compounds.“ @ Exact studies 
of aqueous solutions of these compounds are rendered difficult by two features. 
Firstly the difficulty of obtaining pure compounds, since extensive and indefinite 
condensations are involved in synthesis and the compounds are not crystalline. 
Secondly the non-availability of electrical methods of investigation. 

Solutions of these compounds are of particular interest, from the solution 
structure point of view, at high concentrations, and will be referred to later in 
the seciion dealing with multi-phase systems. 


IX. More CompLtex AMPHIPATHIC SUBSTANCES 


We have dealt briefly with a number of different types of amphipathic sub- 
stances which can be considered developments of the original paraffin chain 
salts. It will be realized that none of these variations is exclusive. Where the 
hydrophobic portion is partly aliphatic and partly aromatic, it can also be 
branched, and two short chains can be attached to the same ionic group. At 
the same time, it is possible to combine either er both of these deviations from 
the simple chain substance with a head group which does not rely for its water 
attraction on the presence of a free ion or ions. Finally, all these variations 
can be brought together in the same molecule, and we may have for instance two 
fairly short paraffin chains attached to a polyhydroxylic head group which also 
contains an ion. In the pursuit of surface active agents specially adapted 
to particular purposes, compounds with this very complex structure have been 
made. 

Recently there has been an approach to the surface active substances from 
workers in the field of polymer chemistry. ‘‘Polysoaps” can be obtained, for 
example, by the partial quaternarization of polyvinylpyvidine. The main 
skeleton of the polymer is hydrophobic. Water attracting groups are the basic 
tertiary nitrogens and the less frequent ionized quaternary nitrogens. Although 
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the degree of amphipathy of the repeating unit, considered alone, is not great, 
the usual exaggeration of properties in polymers comes into play. If a polymer 
unit is more soluble in benzene than in water, the polymer itself will be benzene- 
soluble and water-insoluble, because the energy of transfer is multiplied on 
polymerization, while the therma! energy remains the same. Similarly a unit 
rather feebly surface active will become, on polymerization, very strongly so. 
Absorption is naturally slow, but correspondingly tenacious. The polysoaps 
are not such good emulsifying agents as the monoscaps but are much better 
emulsion stabilizers. Aqueous solutions of polysoaps are solvents for water- 
insoluble organic substances whick. dissolve in the hydrophobic interior of the 
coiled single-molecule micelle.“ In the case of benzene, but not of other C, 
hydrocarbons, the viscosity of the aqueous solution is raised by the solution of 
a small amount of hydrocarbon. A larger amount of benzene and any amount 
of other hydrocarbons lowers the viscosity. It seems probable therefore that 
not all the micelles are, in pure solution, unimolecular and that additional 
organic substance can either increase or decrease the aggregation. 

Amphipathie polymers of a different type are the so-called “block” and 
“graft”? polymers. In the former, blocks of hydrophobic (e.g. polypropylene 
oxide) and hydrophilic (e.g. pelyethylene oxide) units alternate in the main 
chain. In the latter, the main chain of one type is caused to branch and the 
branches continued by polymerization of another type of monomer. Despite 
the small differences in the units, the polymer, as a result of the “exaggeration” 
effect, has strongly amphipathic properties. This subject is yet in its infancy 
and its study has not yet contributed to the solution structure which is the 
subject of this article. 


X. Dirreeext Lieuip PHAsEs 
At sufficiently high temperatures and concentrations, a second or even third 
liquid phase may appear in aqueous solutions of simple paraffin chain salts. 
| i 
In such two-component systems, of course, three liquid phases can only occur 
I 1 
at an invariant triple point. The tendency to formation of the higher-concen- 
tration phases is, however, generally increased by the presence of other electro- 
- 
lytes, and it is then possible, as in the hot concentrated systems containing 
sodium chioride which are met with in soap-boiling practice,” for three liquid 
phases to appear together over a range of temperatures. The formation of 
other phases can also be facilitated by the addition of non-electrolytes and 
these need not be water-immiscible. 
The more concentrated phases can be either isotropic or anisotropic, but 
three distinct isotropic phases do not seem to be possible. 
The existence of partially miscible pairs of liquids is commonplace, but it is 
I I 


only with the organic electrolytes in which one ion at least has a considerable 


organic portion that we meet this phenomenon with salts in water. 
Aggregation of paraffin chain ions occurs at quite low concentrations in water 

—at about N/100 for C,, salts (ca. 0-2 per cent) and at about N/1000 for C,, 

salts (ca. 0-03 per cent). The dilute phase, therefore, has a peculiar non-random 
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solution structure long before a concentration is reached at which a second 
stable phase occurs. This phase, therefore, also has presumably a special 
structure which clearly cannot be the same. 

The most probable structure of the second phase, if also isotropic, is that it 
involves an aggregation of the inverse type, the phases differing as do oil-in- 
water and water-in-oil emulsions. It contains a water-expanded form of the 
type of aggregate found in oil solutions of soaps, but the continuous part of the 
solution consists entirely of attached chains without added solvent. Naturally 
the addition of a paraffin- rather than water-soluble solvent facilitates this 
arrangement at high concentrations. ScHuLMAN and Riiry have demonstrated 
the existence of the two types of aggregation in amicroscopic emulsion 
systems. ‘9 

What are the factors which favour the formation of the inverse phase? 
Firstly, high concentration. A close-packed assembly of equal spheres has 
them. Allowing for extension of the spherical paraffin chain aggregate by 
hydration and a range of coulomb force action considerably exceeding the 


27/3V 2 = 74 per cent of its volume within the spheres and 26 per cent between 


actual radius, we should expect very serious interference of the aggregates on 
one another at a considerably lower volume concentration of the salt than 
74 per cent. The first effect of this interference we have already noted, i.e. to 
set the spheres, by mutual repulsion, more nearly in a close-packed lattice than 
in a random distributicn, and it is this effect which gives rise to the regular 
long spacing made evident in x-ray diffraction studies. 

At higher concentrations there must occur a deformation of some kind. We 
have already noted that the preference for a sphere over a prolate spheroid is 
a rather delicate cne, and that in some salts, particularly in the presence of 
added simple salt, a very long prolate spheroid or indefinite fibril is preferred. 
Were a higher concentration of paraffin chain salt to be attained by a change 
from sphere to fibril, the result could be achieved only if the fibrils lay generally 


parallel one to another. By this means a maximum volume fraction of 


n/2V3=~91 per cent could be attained. Such an arrangement, however, 
would be anisotropic. 

In many of the simple salts a volume concentration of more than 74 per cent 
is reached before the second phase appears, and this may still be isotropic. 
The fibrillar arrangement seems unlikely, and it is more probable that a more 
nearly polyhedral type of distertion of spheres occurs until the structure 
cullapses to the inverse one. Although the coulombic forces might be expected 
to produce distortion at considerably lower concentrations than 74 per cent, 
their existence is probably in another way responsible for the persistence of 
the paraffin-in-water structure above its simple geometrical limit. Consider 
simplified units of the two structures, on the one hand a sphere of paraffin in 
water and on the other one of water in paraffin. The spheres we will assume 
of equal size, each carrying a covalently-secured array of electric charges in its 
surface. The compensating cloud of small oppositely charged ions is in the 
first case exterior. It is attracted to the sphere by coulomb forces, but this 


46 


ae 
2 


Different Liquid Phases 


attraction is lessened by its ows charge and by the dispersive effect of thermal 
energy. In the second case this cloud is interior. To a first approximation the 
external shell of charge has no influence in the centre, and the free ions are 
forced outwards by their own charges without any compensaiion. In so far as, 
by non-random distribution, the charges in the shell have interior influence, 
this acts in the same direction as the mutual repulsion of the small ions. The 
inverse system therefore tends to leave the innermost water unpopulated by 
ions. It does not therefore offer a satisfactory mechanism for a solution process 
dominated by the attraction between ions and water molecules. This effect is 
accentuated because, in an inverse phase in moderate concentrations of paraffin 
chain salt, the water spheres will be larger than the paraffin spheres in the 
normal solution structure. 

To make this point clear we may introduce here a brief consideration of the 
geometry of a suspension of mutually repulsive spheres. The arrangement 
which gives the densest possible packing of equal spheres is of course also the 
one which, at greater dilution, sets each sphere at the greatest possible distance 
from its nearest neighbours. In this arrangement, the centres of four spheres 
in mutual contact are at the corners of a regular tetrahedron and the centre 
of each sphere is at the centre of a regular eicosahedron at the twelve corners 
of which are the centres of the twelve equidistant nearest neighbours. 

If the centre-to-centre distance of neighbouring spheres is 2/ and their radius 


is r, the total volume containing N spheres (where N is large) is 4. V2.N.B, 
4 
while the total volume inside spheres is 37° H 2. 


The volume fraction, ¢, occupied by spheres is therefore 


which has a maximum value of 7/32 = 74 per cent when the spheres are in 
contact (r = l). 

It is from this equation that we may calculate the radius of the spheres from 
the long spacing, 2I, obtained from x-ray diffraction measurements and the 
volume fraction, ¢. The result, as has been indicated above, gives a reasonably 
constant value of r and, in agreement with the diffusion measurements, this is 
about the length of a fully extended chain. 

The “inverse” phase is not, however, characterized by constant r, but rather 
by a maximum distance between the surface of the spheres (now aqueous) and 
the most remote point between neighbouring spheres, since this space between 
spheres must be wholly filled by paraffin chains of limited length, L. 

The distance from sphere centre (i.e. tetrahedron corner) to the most remote 
point between spheres (i.e. tetrahedron centre) is (3/2)* . 1 and hence the above 
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Fig. 4. Scale representation of spherical micelle spacings. 
Section through two neighbouring spheres and the centre of a tetrahedron of sphere 
centres including them. T he other pair of spheres are above and below the broken circles. 
Paraffin chaias are represented by zig-zag lin s and hydrophilic groups by small circles. 
In A, B, and C, we have paraffin spheres of size determined by the necessity for a fully 
extended chain to reach the centre from the surface. 

At A 1 = 4r and the paraffin occupies only 1-17 per cent of the total volume. Neve-- 
theless a fully extended hydrophilic chain threo times as long es the paraflin chain could 
reach to the tetrahedron centre and so, at a total solute concertration of only 4-7 per cent, 
interference of the micelles is possible. 

With smail ionic heads, we have to attain near contact of the spheres (B, 74 per cent v/v) 
before interference is nece ssary. 

C represents @ 50 per cent v/v solution with paraffinic spheres of radius determined by 
chain length. D represents the same solution in the inverse structure where the size of 
the water spheres is determined by the necessity of fully extended chains to reach the 
tetrahedron centre. The water spheres cannot become as small as the paraffin spheres in 
C until the paraffin phase (continuous) has reached 87 per cent v/v as at £. 

Structure D is improbable with a pure paraftin-chain salt solution because the ions are 
not able to distribute themselves throughout the large water spheres, It is, however, clearly 
possible with a non-ionic agent with long hydrophilic chains. 
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Since r must presumably be maximal, we can substitute the limiting equality 
above in the volume fraction eens (¢ being now the volume fraction of 
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L. 
We note that — increases, and therefore r decreases, with increasing dilution 
r 


of water, but the maximum value of r in the most concentrated solution. of 
water in salt (74 per cent v/r) is ca. 4-5 x L. r falls to the value LZ, i.e. the 
water spheres become as small as the paraffin spheres in the normal type of 
aqueous solution, when the volume concentration of water falls to ca. 17 per cent. 

The second phase appears to form much more readily in solutions of the 
unionized amphipathic substances, and this of course is to be expected on the 
above reasoning, since coulomb forces have ceased to play an important part. 
The phase relationships in this type of substance seem only to have been worked 
out so far in the case of the polyethylene oxide compounds. 

We should in general, however, expect a geometrical factor also to be im- 
portant in the same direction. In the paraffin chain salts the hydrophilic group 
is small and intensely hydrophilic, whereas in the unionized compounds a 
weaker hydrophilic tendency is spread over a much larger group. For example, 
Lissapol N, which has about 12 ethylene oxide groups, condensed on to one 
octyl phenol molecule, has a hydrophilic chain which, when fully extended, is 
about three times as long as the hydrophobic one. If we imagine that at least 
some of these hydrophilic chains can extend outwards radially from the surface 
of the central hydrophobic sphere, we realize that the spherical aggregates can 
undergo direct interference with one another when these extended hydrophilic 
groups touch. Now the volume of this outer sphere of influence is (4° — 1*) = 63 
times as great as the central hydrophobic volume, although the volume of 
solvent therein of course is only three times as great. Consequently mechanical 
interference becomes inevitable at a volume concentration of the solute equal 


4 
to — x 74 per cent = 4-67 per cent. It may easily happen therefore that at 


a concentration not much above 5 per cent the inverse structure would be 
more convenient. Without distortion of spheres, the minimum volume con- 
centration of hydrophobic material in such a structure is 26 per cent, which is 
approximately the hydrophobic fraction in the araphipath alone, so that, to 
include water at all, some distortion or solution of polyethylene oxide in the 
spheres is necessary. 

Lissapol N in water, at temperatures below 28°C, forms only one phase 
(isotropic) until a concentration of 46 per cent is reached.“ “* Above 79 per 
cent the solution is also single phase and isotropic. Between these concentra- 
tions the solution divides into an anisotropic phase and one or other of the 
isotropic ones. 

Above 28°C separation of dilute solutions into two isotropic phases occurs, one 
of which is of low concentration but still above the micelle concentration (0-2 
per cent), and an anisotropic phase occurs now at a lower concentration than 
46 per cent. The two dilute isotropic phases are probably of the paraffin-sphere 
and water-sphere type. The concentrated isotropic phase probably contains its 
water as attached water of hydration of the ether oxygen atoms. Whether the 


isotropic phase contains filament micelles or lamellae is not clear. 
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The tendency in this case for separation to occur at higher temperatures is 

doubtless connected with the same phenomenon in solutions of pure poly- 
ethylene oxides. The water-ether association presumably is more quickly 
loosened by increase of temperature than water-water association. 

Since the ionic dissociation of the electrolyte in'water is a factor tending to 
discourage the formation of the inverse phase, it is not surprising that these 
phases form more easily when the neutralizing ion is divalent than when it is 
univalent, because in the former case there is a much greater tendency to ion- 
pair formation, whatever the structure of the solution. For a related reason, 
the addition of simple salts to the paraffin chain salt solution has an even 
greater effect in facilitating the formation of the inverse phase, because the 
interior of each isolated region of water can now contain smell ions of both 
signs, which are not therefore mutually repelled to the periphery. When both 
effects are combined, the inverse phase forms very easily. The writer, for 
instance, has found that a 1 per cent aqueous solution of the copper salt of the 
sulphonate of cetyl paratolyl ether at 80°C forms globules of an inverse phase 
containing most of the paraffin chain salt on the addition of a small concentra- 
tion of copper sulphate. In this case, and probably in many others, where phase 
separation occurs at a very low total concentration of amphipathic substance 
we are probably not, however, dealing with phases having normal and inverse 
types of aggregation. 


We have so far assumed that, since aggregation occurs in very low concen- 


tration in aqueous solutions, the more concentrated phase must have an equally 
specialized structure. Weshould, however, bear in mind that there are numerous 
examples of pairs of partially miscible liquids in which no very specialized 
structure is present. In fact, liquids are only completely miscible when the 
discrepancy between the inter-molecular attractious is not very great. Where 


the discrepancy is great, a single molecule of one component present amongst 


molecules of the other is restrained by much less powerful forces than a single 


molecule present amongst its ewn kind. Consequently the escaping tendency 


of a substance may be the same at two very different concentrations. In one 
case we have a high concentration and a low possibility of any individual 
molecule escaping; in the other we have a low concentration but a much 


higher possibility of any individual molecule escaping. We are not normally 
accustomed to thinking of any such generalized type of partial miscibility 
occurring in the case of electrolytes in water, because the ordinary electrolytes 
of common experience are crystalline solids of high melting point where the 
crystal forces are the main factor limiting solubility, the ions, when free, having 


unambiguously strong attraction for water molecules. If we have a molecule 
containing a mixture of groups which are attractive to and groups which are 
not attractive to potential solvent, the normal effect is an averaging of these 
tendencies, and therefore a partial miscibility. It is only because the attractive 
and unattractive groups in the case of the paraffin chain salts are as far as 
possible separate that the peculiar structure of these solutions is possible. I 
we could have an electrolyte containing hydrophobic and ionic groups more 
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intimately mixed and also incapable of forming a crystal, we might expect to 
find the normal type of partial miscibility, even in an electrolyte in water. 

The aggregation of the paraffin chain salts causes a much reduced rate of 
change with concentration of the thermodynamic properties of both com- 
ponents when the critical concentration is exceeded, and therefore a dilute 
solution just below the critical concentration is not so very far from being in 
equilibrium with a much more concentrated solution above the critical con- 
centration. A comparatively minor ehange of conditions might therefore cause 
a separaticen into two phases, one of which would now be a very dilute solution 
containing only molecularly dispersed solute, while the more concentrated 
solution would have the structure, which we have described above, of the 
normal aqueous solution. Where a second phase results on the addition of 
some simple electrolyte, in comparatively low concentration of the paraffin 
chain salt, it is probable that we are dealing with a partial miscibility of this 
type, the dilute phase being very dilute in paraffin chains and containing them 
only in the unaggregated state, and the concentrated phase having a normal 
paraffinic aggregate structure with a lower concentration of the added electro- 
lyte in the inter-micellar liquid. 

Naturally the tendency for this to occur wil! be greater where the normal 
type of aggregation is difficult to accomplish, i.e. in solutions of salts having 
double or branched chains, and this view is consistent with the very early 
occurrence in this system of a second liquid phase. To the writer's knowledge 
it is possible to realize two phases in the system, water—simple salt—organic 
salt, when the organic salt is one, such as ammonium phenoxyacetate, which 
we do not normally consider to be aggregated. It is in fact easier to see why 
separation should occur when the organic ions are not aggregated, because their 
presence in true solution will contribute the effect of an organic diluent and so 
make the water a less good solvent for the simple salt. This is necessary because 
the phase poorer in organic salt must contain a higher concentration of simple 
salt to reduce the thermodynamic potential of the water to that in the organic- 
rich phase. 

We have dealt above with the possible structures of the isotropic phases in 
equilibrium with one another. Concentrated phases of an anisotropic character 
can also occur. It is clear that these must have a very different structure. 
The anhydrous salts are frequently found to melt, where they are sufficiently 
stable to withstand the necessary temperatures, to anisotropic liquids be- 
fore they become isotropic at a second meliing point. These liquid crystal- 
line forms are in the smectic state, where they have much greater fluidity 
in two cartesian directions than in the third, which is generally considered 
parallel to the paraffin chains. Under the microscope they show very clearly 
in thin films the stepped drop phenomenon of GRANDJEAN, 

The normal paraffin chain salt crystals consist of alternate paraffinic and 
ionic layers, the chains in the former lying parallel to one another and inclined 
steeply to the planes. It is entirely to be expected that fusion to a limited 
extent may occur in the paraffinic layers, the chains becoming free to rotate 
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about their axes and therefore to move about one another in directions per- 
pendicalar to their axes before, at a higher temperature, they enter into the 
completely fluid state. In the smectic state therefore the molecular layers can 
be stirred within themselves, but are only with much more difficulty mixed 
together. The extremely polar nature of the ionic lattice layers between the 
paraffin layers is the chief factor in restricting the fluidity in the third direction. 
Its rigidity tends to resist the natural stirring within the planes. It is entirely 
to be expected that a small amount of water expanding and dissolving the ionic 
latticc will greatly increase the tendency to formation of a smectic liquid, which 
then appears at a lower temperature 2s 2 new phase of concentrated solution. 

The high concentration smectic state has therefore the lamellar-micelle struc- 
ture. It is here that the expected properties of the lamellar-micelle are to be 
found—indefinite aggregation, and anisotropy, both rheological and optical. 
The unquestionable existence of this structure in the anisotropic high con- 
centration phase is in itself another argument against its existence in an entirely 
different and more dilute phase which may co-exist with it. 

We have said above that more than one anisotropic phase can exist. There 
has been inadequate study of this subject to enable one to say what are reaily 
the essential differences between them. Since the liquid crystalline phase is in 
part crystalline, it is of course possible for various stages of fluidity to arise at 
different temperatures, in much the same way as transitions from one crystalline 
form to another. The fatty acids themselves, for instance, can exist in more 
than one solid crystalline form, and the differences between them are mainly 
due to differences in inclination of the paraffin chains to the planes of the layers. 
It is clearly possible for two smectic phases to differ in this respect. 

We have also seen that, under some conditions, an indefinitely elongated 
rod-like assembly of paraffin chain ions is preferred, and that this arrangement 
is definitely anisotropic. It is possible, therefore, and indeed probable, that one 
of the anisotropic phases to be met with in equilibrium with isotropic ones is a 
concentrated solution of this structure. 


XI. Sotctions or AMPHIPATHIC SUBSTANCES IN NON-POLAR SOLVENTS 


We have seen that some of the paraffin chain salts can dissolve in non-polar 
solvents. Boiling point or freezing point measurements have clearly shown 
that the molecular weight of the dissolved substance indicates a fairly high 
degree of aggregation.©” This aggregation is obviously the inverse type to 
that found in dilute aqueous solutions. The ionic centre of the aggregate is 
presumably in a crystalline condition and the limitation on size, which is 
probably not so definite as in the aqueous systems, is caused by the necessity 
for the outstanding paraffin chains not to be in parallel crystalline alignment. 
If they were, then of course the growth of the crystal could not be prevented, 
and in fact the substance would be above its limits of solubility. 

That the interior of the micelle is in this sense rigid is suggested by the 
successful application of an ingenious method for the determination of mole- 
cular weight. In this method a fluorescent dye is absorbed on the micelle, and 
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measurement of depolarization of the emitted light is made.“ Were the 
absorbed dye perfectly free to rotate as a molecule, almost complete de- 
polarization would result, but it appears that it is rigidly incorporated in the 
micelle, so that the depolarization measurement indicates the amount of 
revolution of the micelle which occurs during the short lifetime of the excited 
molecule. Since very good agreement is obtained between the results of this 
method and direct osmotic pressure measurements, it is clear that the theory 
is well-founded. 

Many solutions of amphipathic substances in non-polar solvents can show 
similar solvent properties to that of the aqueous solution. That is to say that 
polar solveats, particularly water, can be taken into solution to a much higher 
concentration than in the solvent alone. The amount of water which can be 
taken up is very dependent on the salt chosen and this is not surprising in view 
of the different degrees of hydration of different ions and the importance of 
geometrical factors in the stability of the crystai nucleus, which is presumably 
lost during the solution process. The solvent-power for water of the dissolved 
paraffin chain salt also depends on the main solvent*”) and it is of interest that 
it is higher with aliphatic hydrocarbons, intermediate with benzene, and lowest 
with the more polar chlorinated hydrocarbons, such as chloroform and 
methylene chloride. 

The addition of water to these solutions dees not always result in a greater 
mutual soiubility.“* The calcium salts, for instance, are much more soluble 
in hydrocarbons when dry. This is doubtless a complication introduced by the 
different crystal structures of hydrated and unhydrated salts. 

These solutions in non-polar solvents are of course basically similar in struc- 
ture to the inverse aggregation proposed as a possibility for the second isotropic 
phase which can occur in concentrated aqueous solutions. 


XII. Sotutions 1x SOLVENTS AND MIXTURES 


We have seen that the lower alcohols form an intermediate type of solvent for 
paraffin chain salts, in which neither type of aggregation appears to occur to 
any considerable extent. Consequently the solvent power of the lower alcohois 
is very general, but never very great. 

In general the higher alcohols, such as amyl alcohol, cyclohexanol and 
phenol, are very good solvents for the paraffin chain salts and give mobile iso- 
tropic solutions, the structure of which does not seem to have been seriously 
investigated. Solutions in cyclohexanol particularly have frequently been used 
as liquid soap preparations. 

The addition of water to solutions of paraffin chain salts in these solvents 
almost invariably results in a very great increase of viscosity and the develop- 
ment of anisotropic behaviour, although when water is added in large excess 
the whole system is dissolved again to a mobile isotropic solution, in which 
presumably the higher alcohol is incorporated in the normal type of micelle. 
Addition of suitable amphipathic co-solvents, such as hexanol and octanol, 
greatly extends the range of concentration of paraffin chain salt over which 
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anisotropic structure persists. No firm evidence has been found of the structure 
of these intermediate anisotropic phases. Wrxsor“™) considers that we have, 
so to speak, presented the paraffin chain salt with so indefinite a choice between 
aggregation with paraffin chains inside and aggregation with paraffin chains 
outside, that the only answer is an indefinite lainellar aggregation with the 
paraffin chains parallel. This may well be the case, but we must again bear in 
mind that an assembly of long rod-like aggregates would also be anisotropic. 

Wrvsor’s view is supported by the following considerations. 

We have seen that the solution of a liquid hydrocarbon in paraffin chain salt 
solutions is not very great, and is due to its incornoration in the inside of a 
liquid micelle without any serious change in its properties except a swelling, 
which necessitates the limitation of solubility because the innermost portion of 
the swollen micelle contains the added hydrocarbon only. 

If we add, however, a highly polar liquid which is itself amphipathic, such as 
a higher alcohol, the solubility in the micelle is generally much greater, and 
this is doubtless due to the fact that the added solvent itself is oriented in a 
similar way to the paraffin chain. Being, however, also paraffin-soluble, it can 
expand the interior of the micelle as well. Expansion may therefore reach a 
stage where the diluted layer of paraffin chain ions in the surface has so little 
curvature that little further energy change is involved in its becoming flat. 
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APPLICATIONS OF LOW TEMPERATURE 
CRYSTALLIZATION IN THE SEPARATION OF 
THE FATTY ACIDS AND THEIR COMPOUNDS 


J. B. Brown and Doris K. Kolb* 


I. INTRODUCTION AND HISTORICAL 


HisTorIca.iy, the chemistry of the fats may be divided for convenience into 
three periods. (1) The Classic Period ended in 1921, the year of the appearance 
of the Jast edition of LEwkowrrscn’s famous treatise on fats, oils, and waxes 
(Lewkowr1rtscu, 1921). Up to this time, there had accumulated a vast amount 
of semi-quantitative data on the fats and on the nature of their component 
fatty acids. (2) The Transitional Period of fat chemistry, 1921-35, was charac- 
terized by numerous attempts to improve the classic methods for the study of 
the composition of the fatty acid mixture, and by the beginning and partial 
fruition of Hi_prtcu’s noteworthy contributions to our knowledge of glyceride 
structure. (3) The Modern Period, 1935 to date, has been attended by the 


development of new and more efficient procedures for separating and studying 


fatty acid mixtures ana naturally occurring lipid mixtures so that our know- 
ledge of the nature and composition of the natural fats and oils is year by year 
becoming more exact. 

These new procedures for the separation of lipids, and especially their com- 


xonent acids, are the following: 


(a) Precise ester distillation 

Methyl ester distillation had been used since 1906 for the partial separation of 
fatty acid mixtures (HALLER, 1906). Although the apparatus thea available 
for this purpose was inefficient, the fact that the fatty acids usually occur 
naturally in series differing by two carbon atoms made it possible by the use 
of repeated through-puts to achieve fair separations. The development of 
efficient packed columns has made it possible to almost completely separate 
these carbon series in one through-put (ScHOENHEDYER and Rirrensere, 1937; 
LONGENECKER, 1937; Topp, 1945; Norris and Terry, 1945; Mrcrray, 1951). 
By very careful work, it is even possible to separate methyl oleate and methyl 
stearate, the boiling points of which differ by only 2 °C at pressures ordit.a. ily used 
for their distillation. On the other hand, because of association in the vapour 
phase, separation of methyl oleate and linoleate is not possible by this method. 

* From the Department of Physiological Chemistry and the Lustitute of Nutrition and Food 
Technology, The Ohio State University, Columbus, Ohio. 
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Introduction and Historical 


(6) Chromatographic adsorption 
This procedure has been highly developed in a number of laboratories and has 
been recently reviewed by HoLMAN in Volume 1 of this series (1952). By the 
use of appropriate adsorbents, it is possible to separate fatty acids (or their 
esters) according either to carbon series or to degree of unsaturation and also 
by virtue of other factors in the chemical structure of the acids in question. 
Chromatographie adsorption has made it possible to isolate the important 
essential fatty acids, linoleic, linolenic, and arachidonic, by purely physical 
methods without the necessity of employing the questionable bromination- 
debremination procedure. 


(c) Countercurrent extraction 


This procedure has been developed mainly by Craica and his associates at the 
Rockefeller Institute for Medical Research (Craic et al., 1947; Crato and 
Post, 1949; Craic and Craic, 1950; Cannon ef al., 1952). The subject is 
reviewed in Volume 2 of this series (Durron, 1954). The procedure is based on 
differences in distribution of fatty acids (or esiers) by molecular weight and/or 
unsaturation between two partially miscible solvents. It is possible by this 
method to separate the higher saturated acids, as well as mixtures of oleic, 


linoleic and linolenie acids. 


(d) Crystallization of urea complexes 
Urea forms definite complexes with the fatty acids, and it has been possible to 
effect workable separations based on differences in solubilities of these com- 
plexes in various solvents (SCHLENK and Hotman, 1951; Swern and PaRKER, 
1952, 1953). A review of this subject appears in Volume 2 in the present series 
(ScCHLENK, 1954). 


(e) Low temperature crystallization 


This procedure, developed originally in this laboratory, has been useful in the 
separation of glvcerides, fatty acids, esters, and other lipids, and particularly 
for the separation of those types of components which are highly soluble in 
organic solvents at temperatures above 0°C but which become sparingly soluble 
at temperatures down to — 80°. It is the purpose of this chapter to review the 
applications of this method to lipid chemistry. 

Previous to 1937, procedures for the separation of fatty acid mixtures were 
mainly of two types—relatively crude ester distillation for the separation of 
acids by carbon series and metal salt separations based on differential solu- 
bilities of soaps in various sclvents. The latter type is exemplified by the lead 
soap-ether or alcohol separations of solid and liquid, saturated and unsaturated, 
acids, procedures which are still official for the American Oil Chemists’ Society 
and the Association of Official Agricultural Chemists. 

Direct crystallization of fatty acids from solvents had previously been used 
mainly to purify individual saturated acids and to effect crude separations of 
saturated and unsaturated acids. In working with unsaturated acids, its use 
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Appiications of Low Temperature Crystallization in the Separation of Fatty Acids 


was limited by their high solubilities in the organic solvents at the temperatures 
commonly available. 

In 1937 two papers (Brows and Stoner; Brown and SHINOWARA) were 
published from this laboratory describing the partial separation of the fatty 
acids of cottonseed oil and the preparation of oleic acid from olive oil by low 
temperature crystallization; in this work advantage was taken of the wide 
solubility differences in solvents at low temperatures bet ween saturated, oleic, 
and linoleic acids. Although oleic acid had been partially purified before 1937 
by crystallization at temperatures below 0°, this was the first time that tem- 
peratures as low as — 75° had been employed. The development of low 
temperature crystallization methods for the investigation of lipids has been 
made possible in large part by the wide commercial availability of dry ice. In 
those laboratories where this commodity is not yet available, mechanical equip- 
ment for developing low tempcratures can now be substituted for dry ice. 
Applications of the method have expanded rapidly. Work up to early in 1941 
was reviewed by Brown (1941); the present chapter includes work done 
mainly since that time. 

Since the crystallization method is based primarily on solubility differences 
between various fatty acids or their esters, including glycerides, typical solu- 
bility data will be first presented, and this will be followed by a discussion of 
certain practical considerations limiting application of these data. A varicty 
of applications of the method in the separation of fatty acids and their com- 
pounds will then be cited. A limited number of examples in organic chemistry 
will also be described in the belief that the method can be made widely useful 


ir. the separation of low melting or liquid organic compounds. 


II. SoLusmitres oF THE Fatry Actps (AND ESTERS) IN 
Oxcanic SOLVENTS 


The separation of fatty acid mixtures by crystallization from solvent depends 
first of all on solubility differences between the various components of the 
mixture. Although it has long been known that the higher saturated acids are 


mach less soluble than the corresponding unsaturated acids, and advantage has 
often been taken of this fact to partially separate mixtures, few, if any, accurate 


solubility data on pure fatty acids had been reported previous to 1941. Such 


data as had been reported were obtained on specimens of acids of questionable 


purity. No accurate data were available for the unsaturated acids. 

It has been emphasized by Barry (1950) and others that the solubility of 
any given acid is closely related to its melting point, and is to a certain degree 
dependent on the nature of the solvent. In general, the even carbon, norma! 
saturated and unsaturated acids become less soluble with increase in molecular 
weight; it may be further stated for the unsaturated acids that solubility 
increases with the number of double bonds. Also, the trans acid of a cis-trans 
pair (higher melting) is less soluble than the cis acid (lower melting). 

During the early work in our laboratory, we realized that fundamental solu- 
bility data on the fatty acids and their compounds were essential to the full 
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Solubilities of the Fatty Acids (and Esters) in Organic Solvents 


development of the technique of low temperature crystallization. The major 
usefulness of the technique is as a tool for the separation of saturated and un- 
saturated acids and of mixtures of the important unsaturated acids. Therefore, 
work was begun in 1940 on the determination of solubilities of a series of 
saturated and unsaturated acids in methanol, acetone, and Skellysolve-B at 
temperatures from 0° to — 70°. This work was reported in 1944 (ForEMAN and 
Brown). In the meanwhile, Ratston and Hoerr (1942; 1944) had published 
two papers describing the solubilities of even and odd carbon acids from C, to 
C,, inclusive in a large series of solvents. Their data on the odd carbon acids, 
while of great fundamental importance, have little significance in the separation 
of naturally occurring mixtures. Since most of the natural lipids contain no 
saturated acids below C,,, we have summarized this early work by Ratston’s 
group in Table 1 which lists the solubilities of lauric, myristic, palmitic, and 
stearic acids at 0°. Later data by Horrr et al. (1946) included solubilities in 
toluene, o-xvlene, chlorobenzene, furfural and several other solvents. In Tables 
2, 3, and 4, we are reporting in full the data by ForeMaAN and Brown. 


Table 1. Typical eclubility data on saturated acids 
(Ratston and Hoerrr, 1942, 1944) 


Solubility at 0°, grams per 100 gm solvent 


Solvent j 

Laurie | 2 Myristic | Palmitic Stearie 

Ethanol (99-4%)° . -| 20-4 | 7:07 1-89 0-42 
Ethanol (95-0%) : 15-2 3-86 0-85 0-24 
Ethanol (91-1%) 0-76 0-13 
Ethanol (80-8%) — ca. 0-06 
Acetone . 8-95 2-75 9-60 0- 21 
2-Butanone. 11-5 4-28 0-90 0-25 
Glacial acetic 81-8%) 10-2» 2-14) 0-12 
Cyclohexane . 19-8'*) 0-9') 
Carbon tetrachloride 9-2 3-2 0-6 -- 
Chloroform 22-4 8-1 2-9 
Ethyl acetate . ‘ 9-4 3-4 0-8 
Butyl acetate . ; 12-0 4-8 1-5 
Methanol A 12-7 2-8 0-8 
Isopropanol 21-5 7-2 2-4 
n-Butanol 21-4 7°3 1-9 
Nitroethane. : 1-9 0-3 — 
Acetonitrile 0-7 <0-1 


™ Solubility at 20°. 


Solubiity at 10°. 
The data in the preceding tables explain fully the successful separations of 
fatty acid mixtures, reported before solubilities of their components were 
known. Thus, at — 20° oleic acid is soluble in all proportions in methanol, 
while stearic acid is soluble only to the extent of 0:01 gm per 100 gm of solution. 
In a number of other solvents, oleic acid is 14-7 to 500 times as soluble as 
palmitic acid. In acetone at — 70°, linoleic acid is thirteen times as soluble as 
in turn, linolenic is about four times as soluble as linoleie acid. 


oleic, while, 
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Table 2. Solubilities of the saturated acids 


(Foreman and Brown, 1944) 


Acetone Methyl alcohol Skellysolve B 
grams/1000 g grame/1060 g grams /100C g 
sol’n. soln. sol'n. 


Solvent 
Temp. °C 


Stearic acid 


Arachidic acid 


Behenic acid 


: 
Lauric acid 
0° - | 15-1 
— 10° | 28-3 10-7 
- - 20° 17-4 | 17-0 3-79 
- 30° 12-3 8-23 | 
| | | 
Myristic 
0° 22-7 138-4 9-43 
— 10-7 8-26 3-25 
— 99° 4°33 3-44 1-31 
30° 1-74 1-53 0-20 
— 50° - 
Palmitic acid 
10° 17-7 13-1 8-38 
0° 7-15 3-96 1-25 
: — 10° 2-80 1-46 0-26 
- 20° 1-34 0-63 0-12 2 
; - 30° 0-48 0-20 0-09 
10° 4-69 2-59 1-31 2 
0 2-19 0-92 0-24 
— 10° 0-38 0-32 0-10 
- 39° . 0-10 
10° | 1-83 0-96 0-56 5 
a | 0-75 0-65 0-48 
10° 0-51 0-42 | 0-29 
0° 0-10 0-10 | 0-10 
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Table 3. Solubilities of the unsaturated acids 


(ForEMAN and Brown, 1944) 


Selucut Acetone Methyl alcohol Skellysolve B 
Temp. °C grams /1900g grama/1000g grams /1000g 
sol'n. sol'n. soln. 


Erucic acid 


Oleic acid 

- 30° 14-2 | 7-08 | 11-8 s 
- 40° 5-16 3-29 4-83 a 
50° 1-89 | 0-89 1-04 4 
60° | 0-61 0-51 0-42 2 
7 0-40 | 0-32 0-24 ¥ 


Linoleic acid 


Linolenic acid 


— 62 43-2 


17-6 


Table 4. Solubility ratios of fatty acids under various conditions* 


(ForEMAN and Brown, 1944) 


Solvent | Temperature | Oleic | Palmitie | Oh Pi 
Methy! acetate - 25° 10-0 0-74 14:7: 1 
Acetone ‘ - 30° 14-2 0-48 30-0: 1 
Methyl] alcohol. — 30° 7-08 0-20 35-4:1 
Butyl alcohol : - 25° 62:8 1-32 476:1 
Ethylidene dichloride .| 25° 26-8 3-24 82-7: 1 
SkellysolveB. .| 30° 11-8 0-09 130-0: 1 
Carbon disulphide — 30° j 15-7 < 0-1 > 157-0: 1 
Toluene - 30° 50-2 < 0-1 > 500-0: 1 
Ethyl ether — 40° 43-7 > 450-0: 1 


| 


* Solubilities expressed gm per 1000 gm solution. 
tables, 


Numerous other ratios can be derived from the preceding 
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| 
Eicosenoie acid g 
| 4-58 3-48 2-95 
| 1-47 129 | 1-07 
— 29° | 3-52 1-76 
— 30° | 0-87 0-59 
— 50° | 48-2 25-2 17-0 
60° 14-2 9-25 3°27 
— 70° 5-19 3-94 0-09 
| | 
{ | | 
4-43 
| | 
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Table 4 (continued) 


| 
Solvent Temperature Linoleic Li 


Skellysulve — 70° 0-60 25:1 
Carbon disulphide — 62° 4-12 10-3:1 
Methyl alcohol . — 70° 3-94 “33 12-3: 1 


Acetone — 70° 5-19 13-0:1 


In addition to the work reported above, the Armour group have since pub- 
lished extensive solubility data on a series of compounds related to the fatty 
acids or to their derivatives such as fatty alcohols (HoERR et al., 1944a), ketones 
(GaRLanpD et al., 1943), primary amines (Ratston et al., 1944a), secondary 
amines (HorErR ef al., 1944b), tertiary amines (RaLsToN et al., 1944b), long 
chain amides, anilides and substituted amides (RaLsTon ef al., 1943), primary 
amine hydrochlorides (SepGwick ef al., 1945), alkyl quaternary ammonium 
salts (EGGENBERGER ef al., 1950), dialkyl dimethyl ammonium chlorides 
(Rauston et al., 1948), and nitriles (HoERR et al., 1944c). 

In a more recent study of the solubility behaviour of esters of saturated acids, 
Sepeawick, Horrr, and Harwoop (1952) concluded that the property of 
association in solution, generally shown by the saturated acids, is not shown 
by the esters. Unfortunately, practical advantage cannot yet be taken of this 
finding, because no data on unsaturated esters are included in their work. 
Some of their results on esters follow in Table 5. 


Table 5. Solubilities of alkyl esters in various solvents 


(Sepcwick, Horerr, and Harwoop, 1952)* 


Grams of ester per 100 gm of solvent 


40-0 30-0°, — 20-0°; — 10-0! 0-0 


Chloroform 


Me caprylate . x0 
Me laurate ; | 440 
Me palmitate 3- 2:4 24- 50 
Me stearate < i Ie 5-¢ 3-6; 28 


Me caprylate | ¢ | 
Me laurate. 5- 20- 460 
Me myristate > . 2: 
Me palmitate . - : . 2. 8-6 
Me stearate . - 2-1 | 
Et stearate - - 
n-Pr stearate . f 

n-Bu stearate 


to 
BSB 
ZERRBS 


8 8 


* Data are also given for benzene, cyclohexane, carbon tetrachloride, butyl acetate, n-butanol and acetonitrile. 


| 
| 
| 10-0° | 20-0 | 30-0° 
| 
| 
106 290 x 
54 120 360 
Ethyl acetate 
225 
34-8 
8-6 
14-0 
21-9 
27:2 | 
: 


Solubilities of the Fatty Acids (and Esters) in Organic So)vents 


Table 5 (continued) 


Grama of ester per 100 gm of solent 


| 10-0° | 20-0° | 30-0° 
| 


' 


Me caprylaste -| 6@ | 380 | wo! a | 
Melaurate . .| O2! 36 125 67 
Me myristate 0-5 2-1 7: 
Me palmitate Ol. O-4 
Me stearate . - 0- 
Et stearate i 0- 
n-Pr stearate . 0- 
n-Bu stearate 


Me caprylate . | 00 
Me laurate . Ol} 13) 53; 80 | @ 
Me tridecanoate' - 0-3 36-5 | @ 
Mo myristate | | — 19] 250! | 

| 14) 270] 

| - 0-6 7-2 


Me stearate'* 


Me palmitate | - | 


Miacible above 40-87. 


| 

Me caprylate . 7-5 | mo | @ | @ 

Me laurat> . <O1 0-3: Il | 38 13-2 1200 | | @ 

Me tridecanoate’_.. <01 O05 | 27 11-2} 70 @ 

Me myrisiate 0-3 20, 6-7; 308 @ 

Me palmitate — | O2] 50] 394) 
Me stearate . — | OL] 12} 4-4) 40 
Et stearate . 0-2) 0-7 2-1 6-6 | 180 

n-Pr stearate . | 15; 34) 115] @ 

n-Bu stearate . 1-0 2-1 4-2; 18-2 


Methy! esters are more soluble in a given solvent than their respective acids. 
Further, in the series of esters from methyl to n-butyl, sclubilities increase 
with length of the alcohol chain. Thus, in acetone at — 10° butyl stearate is 
twelve times as soluble as methy) stearate, at 0° 3-3 times, and at 10° two 
times. Curiously enough at 20°, simultaneous with an enormous increase in 


solubility, the difference increases to seventeen-fold. 

Still more recently, Horrr and Harwoop (1952) have reported the solu- 
bilities of oleic and linoleic acids in a large series of solvents. Their data are 
included in full in Tables 6 and 7. 

In discussing their data, Horrr and Harwoop comment as follows: “‘The 
solubilities of oleic acid in Table 6 refer to those of the form most stable in each 
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Applications of Low Temperature Crystallization in the Separation of Fatty Acids 


Table 6. Solubility of oleic acid in various organic solvents 


(Hoerr and Harwoop, 1952) 


Grams oleic acid per 100 gm solvent 


— 40-0° | — 30-0° 


n-Hexane. 0-1 | 1-2 
Benzene . . Eutectic | system | 
Cyclohexane’”’ . Eutectic | system | 
Carbon tetrachloride’ . Eutectic! — 
Chloroform . 23-3 | 
o-Xylene™ . ‘ . Eutectic — | 
Diethy] ether ‘ 4-4 
Chlorobenzene 2-5 6-2 
1,2-Dichloroethane — |<01 
Nitrobenzene’ Eutectic’ system | 
Dioxane’” . . Eutectic! system | 
Furfural” 
Ethyl acetate 
n-Butyl acetate 
Acetone 
2-Butanone . 
Methanol 
95-0% ethanol 
2-Propanol 
n-Butanol 
Nitromethane™ 
Nitroethane™ 
Acetonitrile? 


to 


oo 


SOSH SID | 


~ 


‘) Eutectic at 59-7 wt per cent oleic acid, — 9-2°. ™ Eutectic at 33-9 wt per cent oleic acid, + 
‘) Eutectic at 9-4 wt per cent oleic acid, 256°. “’ Eutectic at 6-0 wt per cent oleic acid, 31-0°. “’ Eutectic 
at 58-5 wt pcr cent oleic acid, 0-0°. “’ Eutectic at 61-6 wt per cent oleic acid, — 3-3°. \’ Miscible above 262°. 
Miscible above 94-5°. Miscivle above 31-7°. ©’ Miscible above 61-0°, 


of the systems. As would be expected from a dimorphic material, oleic acid 
exhibits two solubility curves in some solvents. . . . Upon cooling such a 
systein, the solute precipitates as a transparent, unstable, crystalline form, 
which if the temperature is raised rapidly redissolves at the temperature at 
which precipitation occurred. If, however, the precipitate is held for an interval 
of time at or below the precipitation temperature, the materia! transforms to 
a more opaque, stable crystalline form which, upon heating, dissolves at tem- 
peratures somewhat above those at which precipitation occurred.” 

The closed tube method which the Armour group have used for their deter- 
minations permits solubility measurements for the two forms, but values pre- 
sented are for the more stable forms. In the method we have used in our 
laboratory, the system is kept for many hours at a given temperature, so that 
the values reported are for the higher melting modification. 

Hoerr and Harwoop further discuss their results as follows: “Hydrogen 
bonding between solvent and solute molecules is evidenced by the fact that 
many of the solubilities of oleic and linoleic acids are greater than would be 
anticipated on the basis of differences in internal pressures and polarities alone. 
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| — 20.0 | -100"| 0-0° | 10-0° | 20-0° 
| 
9-1 44-4, 160 | 720 
| — 253 | 910 
— j; 80 233 | 870 | @ 
‘ 24-6 68 | 160 | 5909 | @ 
: 46-0 | 92 | 205 | 760 a 
305 | 88 | 250 | 1100 | 
17-9 60 | 195 | 870 | 2 
27-0 85 | 220 | 90 | © = 
4 1-3 26-1 ; 130 670 is 
— 220 | 1100 oa) é 
| 47; 145 | 27-0 
| 44-0 | 185 750 | @ 3 
48-0 | 200 | 770 Pa) a 
| 27-4 159 | 870 
| 335 | 170 | 880 
| 31-6 250 | 1820 | @ a 
| 47-5 235 | 1470 | ow 
55-0 226 | 160 | 
56-5 100 | 950 | 
| 06 | 0-8 | 1-0 1-1 ae 
2-2 3-4 87 | 143 
1-8 77) Ol 


Solubilities of the Fatty Acids (and Esters) in Organic Solvents 


Table 7. Solubility of linoleic acid in various organic solvents 
(Hoerr and Harwoop, 1952) 


| Grama linoleic acid per 100 gm solvent 

| — 50-0’ — 40-0° | — 30-0° | — 20-0° | — 10-0° | 0-0° 10-0° | 20-0° 

n-Hexane . 7 -| 30 14-3 53 | 170 | 990 ee) a) co 
Benzene‘*’ Eutectic | system — | 320 | 1250 oj; 
Cyclohexane™ . .|Eutectic | system | — 275 | 1210 Om; 
Carbon tetrachloride’ Eutectic | | 70 160 600 | © | @ | 
Chloroform ; - 19-0 40-0 | 88 210 | 770 | « | a | @ 
Ethylacetate . . 56 14-7 | 58 200 | 1300 | w | w | w 
Acetone . . .| 33 | 86 | 272 | 147 | 1200 | | | 
2-Butanone ° 4-6 10-6 | 37-0 185 | 1220 a) 
Methanol. 99 | 48-1 233 1850 | | | 
95-0% ethanol . 4-5 | 425 | 208 1150 | 
2-Propanol 6-0 11-7 | 45-2 203 «1080 | 
n-Butanol . 8-0 18-9 | 56 | 180 870 | | 
Nitroethane™ ‘ -- <O1 | O4 | 2-1 8-3} 34-2} 2 | 
Acetonitrile 0-2 0-4 4-9; 7-5! 11-2] 17-7 


| 


‘*) Eutectic at 74-6 wt per cent linoleic acid, — 21-2°. “ Eutectic 51 8 we per ce nt linoleic acid, — 28-3°. 


Eutectic at 31-9 wt per cent linoleic acid, — 35-3°. Miscible 1:5°, Miscible above 39-5”. 
Despite the well-known tendencies of the lower alcohols to form strong hydrogen- 
bonded net works of molecules in their liquid state, the carboxyl hydrogen atom 
of the unsaturated acids is evidently sufficiently active to compete with the 
bonding tendencies of the hydroxyl groups of the alcohols. The solubilities of 
these acids in methanol and ethanol, for example, are considerably greater than 
they theoretically should be in solvents possessing such high internal pressures. 
From the limited solubilities in the nitro-paraffins and in acetonitrile, on the 
other hand, it appears that the carboxyl hydrogen of oleic and linoleic acids is 
insufficiently potent to disrupt the highly polar fields of nitrogen-containing 
solvent molecules. Hydrogen bonding characteristics of stearic acid are almost 
identical with those of these unsaturated acids. The solubility of the fatty 
acids in chloroform is unique. In this solvent, the unsaturated acids, as well 
as all the high molecular weight saturated acids, exhibit apparently ideal 
solutions over wide ranges of concentration.” 

At the time the preceding work was published, a continuation of our previous 
solubility investigations was in progress. In this work Kos (1953) reported 
further determinations of the solubilities of several of the common higher fatty 
acids, as well as of several cis trans pairs of unsaturated acids, and of one 
acetylenic acid. Solvents included methanol, acetone, diethyl ether, ethyl 
acetate, toluene, and n-heptane. Some data were included in which solubilities 
in a series of hydrocarbons were compared. All of these results were obtained 
by an improved procedure for securing saturated solutions at given tempera- 
tures. Thus, one criticism of our previous work, i.e. the fact that equilibrium 
was not always attained, has been met by measuring solubilities at several time 
intervals to assure equilibrium. Our new data follow: 
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Applications of Low Temperature Crystallization in the Seperation of Fatty Acids 


Table 8. Solubility data on fatty acids in various solvents 


(All values in grams acid per 100 gm solution) 
(Kos, 1953) 


Solvent 


Diethyl Normal 
| aa Acetone | Toluene heptane 


Stearic acid 


Oleic acid 

| 
-20° | 4-02 5-95 — 5-20 — | 2-25 
-30° | 0-86 1-90 — 168 | 312 (0-66 
40° «(0-29 0-62 5-15 0-53 026 0-19 
50° 020 | 180 | O17 | 0-28 0-050 
-60° | 003 0-057 | O61 | 0055 | 0-075 | 0-011 
— 70° | | 0-21 — — 


Elaidic acid 
| 

— 0-59 
-10° | 0-48 — — — 0-86 
- 20° 0-18 0-29 1-40 0-26 0-20 | 0-060 


_30° | 0064 | O10 | 060 0-092 0-056 | 0-019 
40° | 0-027 0-23 0-029 0-013 0-007 
— 50° | 0-010 | 9-008 0-10 | 9-009 


| 


Linoleic acid 


Arachidic acid 


10° | 0-080 0-14 0-90 0-13 0-12 0-028 
0-028 0-036 0-38 0-035 0-026 0-005 


Eicosenoic acid 


10° 0-26 | 0-58 2-40 054 | 00 | 0-080 
0° 0-090 | O13 0-95 0-11 | 9-080 | 0-018 
| — 10° 0-031 | 0-027 0-38 0-023 | 0015 | 0-004 “ 
— 20° 0-011 | 0006 | O15 0-005 | 
— 30° | | - | 0-051 | 
| 
— 
4 — 50° 3-10 ; 4-40 4-10 | - | 0-98 | 
| — 60° 0-90 | 138 | 1:20 | | 0-20 
— 70° | 0-25 0-29 0-35 0-042 
| ae | | | | | | 
- 20 0-80 | 1:30 | — | — 
30° 0-35 | 0-60 | 3-90 | 0-54 1-10 | 0-45 
—40° | O15 | 0-26 | 1-70 0-27 0-30 0-16 
50° | 0-06 0-68 0-12 0-07 | 0-048 
60? 0-02 | 0-04 | 9-22 0-01 
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Table 8 (continued) 
(All values in grams acid per 100 gm solution) 


Solubiltities of the Fatty Acids (and Esters) in Organic Solvents 


Temp. 


Diethyt | 
ether 


Solrent 


Petroselinic acid 


0-103 


1-30 
0-46 
0-16 
0-050 


0-019 
0-C07 
0-002 


0-040 


0-51 
0-19 
0-070 


Stearolic acid 


| 


Behenic acid 
0-48 
0-18 
0-068 


Erucic acid 


1-26 
0-52 
0-19 
0-070 


0-050 
0-014 
0-004 


0-68 


0-044 


1-41 
0-36 
0-086 
0-018 


0-040 
0-010 


0-002 


0-16 


0-02 


— 
| | Normal 
| Methanol | acetate | Acetone | Toluene 
— 10 — — | 0-50 
+ — 20° Oss | O73 | 352 | O78 | 098 | O13 
-30° | 0-18 030 | 168 =| O31 | O23 | 0-040 | 
5 -40° | 0060 | O76 | O11 | 0086 | 0-009 
50° 0-018 | (| 0-31 | 0035 | | 
| | = | = | = | = | = 
Petroselaidie acid 
| 0-50 | — | — | 1-40 | 0-22 
—10° | 0-20 | 0-36 0-32 | 0-19 | 0-030 
oS -20° | 0082 | OM j; — 013 | 0060 | 0-008 
a -30° | 0-028 0-050 | 0-050 0-020 . | 0-002 
—~40° | 0010 | 0018 | 0-019 | 0-008 | 
| | = | | 
10° 065 | 215 | 485 | -7o 0-050 
— 20° 0-25 } 0-45 2-00 0-40 0-010 
-30° | 0-17 | O78 | 0-083 | 0-006 
-40° | 06040 {; 0065 | 0-32 | OO1s | — 
Palmitic acid 
| 
: 10 - 1-60 0-30 
a | 0-52 2-95 0-65 | 0-08 
: -10° | 0-18 1-35 0-27 | = 
- 20° 0-060 0-56 0-10 0-005 
- 30° | _ | 0-018 | 0-21 0-038 — | — 
10° | | 0055 | 0-012 
0° 0-016 0-002 i 
—10° | 0-004 | - 
-20° | 0-19 | 0-31 | 0-28 | 0-11 
30° 0-068 | O11 120 O10 0030 
-40° | 0-024 | 0040 | 0-49 | 0-037 = 0-008 
—50° | 0007 | | O18 
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Applications of Low Temperature Crystallization in the Separation of Fatty Acids 


Table 8 (continued) 


(Ali values in grams acid per 100 gm solution) 


Solvent 


| 
Ethyl 
Methanol 


Diethyl 


an | Acetone 


0-096 
0-028 
0-01 


Table 9. Fatty acid solubilities in various hydrocarbon solvents 


(All values expressed in grams acid per 100 gm solution) 


(Koxs, 1953) 


Stearic acid 


Temperature | n-Heptane 


0-080 
0-018 
0-004 


Diisopropyl 


0-070 
0-015 
0-004 


| Methyl 


Temperature! n-Heptane | cyclohezane 


| 


- 40° 0-19 0-34 
- 50° 0-050 0-11 


perature n-Heptane 


0-98 
0:20 
0-042 


cyclohexane 


Methyl n-Pentane 


0-20 | 0-089 
0-06 0-015 
0-021 0-003 
0-005 — 


2-Methyl 


Neohexane pentane 


0-04 0-086 
0-010 0-03 
C-003 0-01 

0-003 


Oleic acid 
| 
Diisopropyl Iso-octane 


| 


0-212 
0-112 


0-162 
9-070 


Linoleic acid 


Methyl cycle vhexane 


| 

2-06 
0-38 
| 0-072 


| N eo-hexane | 


Tsopentane 


0-096 
0-040 
0-017 


Iso-octane 


0-051 
0-020 
0-008 
0-003 


| 2. Methyl 
pentane 


0-19 
0-08 


Diisopropyl 


0-94 
0-17 
0-032 


heptane 
Brossidic acid 
1° | O27 | O70 | - 0-68 | 0-62 0-20 
o | 0094 | 0-26 - 0-24 0-18 | 0-058 
% -10 | 9035 | | 078 | 0065 | 0-050 0-016 
| —20 | 0010 | | 028 | 0024 | 0-013 0-005 
30° | 0-003 | | | — | | 
; 
| 
10° 
| 
—-10° | 
| 
| | 
0° | 
-1° | 
— 20° | — ; 
| 
0-050 
— 60° . 
— 70° 
| | | 
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Factors Limiting the Application of Solubilty Data 


Iil. Facrors Limitrina THE APPLICATICN OF SOLUBILITY 
DaTA TO THE PractTicaL SEPARATION OF MIXTURES 


If the solubility of any given fatty acid in a mixture even approximated its 
solubility in the pure state, amazing separations would be possible by crys- 
tallization procedures. However, association in solution, or intersolubilization, 
was demonstrated as early as 1919 by WarentTIic and Pescueck (1919) for a 
series of saturated acids in various solvents. Inte.solubilization to an important 
degree was observed in such solvents as chloroform, benzene and nitrobenzene 
but was insignificant in ethanol, ethyl ether and ethyl acetate. This finding has 
been extended to mixtures of a saturated and an unsaturated acid by SIsGLETON 
(1948a and 1948b). A special apparatus (SINGLETON ef al., 1946) was devised 
for the study of systems containing oleic and stearic and oleic and palmitic 
acids in acetone and commercial hexane at temperatures from 0° to — 40°. 
The apparatus permitted equilibration of each system at a given temperature, 
and separation of crystal and filtrate fractions. Calculation of the compositions 
of each fraction included corrections to account for entrained filtrate and 
filtrate acids in the crystal fractions. Even at temperatures which did not 
permit precipitation of oleic acid (0° and — 10°), small amounts of oleic acid 
were found to crystallize along with stearic acid (but not with palmitic acid), 
apparently as mixed crystals. Presence of oleic acid in the filtrates appreciably 
increased the solubility of the saturated acid. Intersolubilizing effects were 
greater in hexane than in acetone, although actually the acids are more soluble 
in acetone than in the former solvent. On the other hand, the presence of stearic 
acid in solution had little effect on the solubility of the oleic acid. The observed 
intersolubilizing effect of oleic acid did not support the previous finding by 
SINGLETON, Lampou, and Bartey (1945) that the solubility of the saturated 
fatty acids of cottonseed oil in acetone was little affected by the presence 
of oleic and linoleic acids. In hexane, on the other hand, the opposite effect 
was shown. 

Quite recently, ScHLENKER (1952) working with ternary mixtures (oleic, 
palmitic, and stearic acids) has concluded that the quantities of solid fatty 
acids dissolved are proportional to the amount of oleic acid present in the 
mixture. 

In addition to intersolubilization and mixed crystal formation, both impor- 
tant effects as evidenced by SINGLETON’s work, there is another important 
factor which tends to decrease the efficiency of crystallization separations, 
namely, the fact that crystal fractions from fatty acid mixtures tend to be 
voluminous, so that complete separation of crystals from mother liquor is 
difficult. This problem can be overcome in part by redissolving the crystals and 
recrystallizing one or more times. A simpler scheme is to wash the crystal 
fraction with solvent which has been previously cooled to a temperature con- 
siderably lower than that at which the crystallization has taken place. This 
conveniently washes out mother liquor from the crystals, but, of course, does 
not remove any filtrate acids which may have come down as mixed crystals. 
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Applications of Low Temperature Crystallization in the Separation of Fatty Acids 


IV. DeEscrreTIon OF A CONVENIENT LABORATORY APPARATUS 
FoR Low TEMPERATURE CRYSTALLIZATIONS 


An apparatus for crystallization at low temperature, which has been in use in 
this laboratory for many years, is shown in Fig. 1. It consists essentially of a 
wooden box in which is placed a cylindrical copper can, insulated with rock 
wool and about half filled with solvent, such as methanol, ethanol, or acetone. 
The crystallizing vessel, a ““Pyrex’’ cylinder, 150 mm in diameter and 300 mm 
tall, and weighted with four lead bars, is placed in the solvent. The lead bars 
serve to prevent the cylinder from capsizing during the later stages of filtration. 
The solution of fatty acids, up to 4 litres, is introduced into the cylinder. Slow 
stirring is accomplished by means of an ice cream-type monel paddle. Dry ice 
is added slowly to the outer solvent and the temperature gradually lowered to 
the desired level. Temperatures are followed in the bath and in the solution 
by Weston bimetallic thermometers or other suitable low-teraperature thermo- 
meters. Inverted suction filtration is carried out through use of a special por- 
celain funnel* connected to a 4-litre suction flask with neoprene tubing. After 
placing a circle of filter paper moistened with solvent on the funnel, suction is 
begun (which holds the paper in place), and the funnel is introduced into the 
solution from the top. Filtration is expedited by allowing the crystals to settle 
as much as possible before filtration is begun. Filtration is usually rapid; to- 
ward the end of the filtration the crystal layer is pressed in order to permit 
removal of maximum quantities of mother liquor. It may be desirable to wash 
the crystals with fresh solvent cooled 10 to 15° below the crystallization tem- 
perature. 


V. Tue Partiat SEPARATION OF Farry Acip (or Ester) MIXTURES 
BY Low TEMPERATURE CRYSTALLIZATION 


(a) Separation of saturated and unsaturated acids 
3ROWN and Stoner (1937) first used low-temperature crystallization to separ- 
ate the saturated and unsaturated acids of cottonseed oils. At — 20°, with 
acetone or methanol as a solvent and a sclvent-solute ratio of 10:1, they 
obtained saturated crystal fractions of iodine values 3-4 to 7-2; the separation 
was claimed to be as efficient as the lead soap-alcohol technique. EarLe and 
MILNER (1940) later applied the method to the quantitative estimation of the 
saturated acids in soybean oil. Their method involved erystallization of 5 gm 


specimens of the mixed acids three times from 50 ml acetone at -- 40°. Since 
that time, except for a procedure described by DeEGRay and DeMotse (1941), 
no detailed general quantitative procedure for separating saturated and un- 
saturated acids by this technique has been published. On the other hand, 


* This funnel (137 mm in diameter) was especially constructed for us by the Coors Co., Golden, 
Colo. Its stem is tapered out to sinaller diameter than standard Buchner funnels, permitting use of 
smaller bore neoprene tubing. The holes on the funnel sre 5 mm in diameter, affording a much larger 
filtration surface. Filtrations of smaller amounts of solution can easily be performed similarly with 
sintered glass funnels in cylinders of smaller diameter. 

ft We also have a deeper crystallizing bath, designed for use of 150 x 450 mm “Pyrex” cylinders 
with a capacity of 7 litres. 
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The Partial Separation of Fatty Acid (or Ester) Mixtures 


various modifications of the method have been used repeatedly to meet specific 
problems so that it is now the custom, when it is desired to separate the satur- 
ated end unsaturated acids of a given fat or oil preliminary to ester distillation, 
to apply the crystallization method. THornton ef al. (1944) employed a 
modification of the EarLe and MmNer method to separate the saturated and 
unsaturated acids of soybean lecithin. SmscLeTon and co-workers (1945) 
separated the fatty acids of cottonseed oil and hydrogenated cottonseed oil by 
crystallization. Acetone and Skellysolve B were found to be equally effective 
solvents, but the latter required a temperature about 10°F lower to give an 
equivalent separation. Baica and (1948) twice crystallized the 
mixed fatty acids of rapeseed oil from ether at — 40°, the crystal fraction con- 
taining the saturated acids and most of the erucic acid. The saturated and 
unsaturated fractions of Buffalo gourd oil were obtained by SHaBant et al. 
(1951) by crystallizing at — 40° from acetone. Hansen (1951) separated the 
steam non-volatile acids of butterfat by three crystallizations from acetone at 
— 30°. The fatty acids of buckwheat leaf meal fat were similarly separated by 
KreEwson (1952). 

The preceding examples suffice to illustrate applicability of the method to 
the usual types of fat, to a fat rich in erucic acid and to a fat containing a wide 
range of carbon series, such as butterfat. In applying the method, one should 
keep in mind the nature of the fatty acid mixture being investigated and the 
solubilities of the fatty acids in the mixture. By this procedure lauric acid, 
and to an appreciable extent myristic acid, may be found in the unsaturated 
fraction. Hydrogenated fats and fats rich in erucic acid give fatty acid mixtures 
of intermediate solubility, so that special procedures have to be devised to 
achieve workable separations. In a fatty acid mixture consisting primarily of 
myristic, palmitic, stearic, hexadecenoic, oleic, linoleic, and linolenic acids, 
simple crystallization of 5 per cent solutions of the mixed acids from acetone 
at — 25°, followed by a single washing of the erystals with solvent cooled to 
about — 40°, may be expected to provide a more simple and more efficient 
separation than can be accomplished by the lead salt method. 

An important commerciai method of selective solvent separation of fatty 
acids is the so-called ‘“‘Emersol Process,’”’ for the following description of which 
we are indebted to Dr. V. K. Muckrrnerpe of Emery Industries. 

The Emersol Process (MyERs and MucKERHEIrE, Patents, 1942 and 1947; 
KisT Ler ef al., 1946) involves tbe controlled crystallization of fatty acids from 
a polar solvent to achieve a separation of the fatty acids. Although more par- 
ticularly adapted to the separation of solid fatty acids (saturated) from liquid 
fatty acids (unsaturated) the Emersol Process can also be used for the separa- 
tion of saturated acids or the separation of triglycerides (MuCKERHEIDE, 
Patent, 1950). A typical iliustration of the application of the process is in the 
separarioa of animal fatty acids to yield commercial stearic acid and oleic 
acid. Animal fatty acids properly prepared are dissolved in 90 per cent metha- 
nol to give a 25 to 30 per cent concentration. This solution is then continuously 
chilled in a multi-tubular, agitated crystallizer to about — 15°. In this chilling 
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Applications of Low Temperature Crystallization in the Separation of Fatty Acids 


the solid acids crystallize from the solution to form a slurry which in turn is 
fed to a continuous, rotary vacuum filter. The solid acids are formed into a 
cake, which is continuously washed with methanol and subsequently dis- 
charged from the filter. This filter cake, containing about 50 to 60 per cent of 
solvent, is melted and pumped to a solvent recovery still (BRowN, Patent, 
1943) in which the solvent is removed and returned to the system. The solid 
acids, stearic acid, are discharged from the still ready for finishing and packag- 
ing operations. The filtrate, containing the liquid acids, is passed through a 
heat exchanger to another solvent recovery still from which the liquid acids, 
“oleic acid,” are discharged. Typical rates of through-put range from thirty 
(30) to fifty (50) tons per day, depending on the size of the Emersol Unit and 
the character of the fatty acids being processed. 

Typical results achieved in the separation of various types of fatty acids are 


tabulated: 


” 


Type of Titre Producte Yield Titre Iodine value 
fatty acid 


Animal (tallow) | <2-4°C 52- Stearic 
Oleic 
Cottonseed — | Solid acids | 

| Liquid acids 


The first commercial unit of the Emersol Process has been in operation since 
1942. At the present time there are a total of five (5) units in operation in the 
United States, Great Britain, and Australia. 

Other procedures for separating saturated and unsaturated acids have been 
patented by Towne (1949) and FeLtprusa (1950). 


(b) The separation of unsaturated acid mixtures 
Low temperature crystallization is admirably adapted to the further separation 
of unsaturated fatty acid mixtures. Thus, it has been used repeatedly in the 
evaluation of the component acids of fats to provide fatty acid fractions of 
simpler composition than the original mixture of acids. Examples illustrating 
this use of the method were given in the previous review (BRown, 1941). How- 


ever, impetus to this use came from a series of papers from Hripircn’s labora- 


tory, beginning in 1945. For fats in which oleic and linoleic acids are major 
components, HitpircH and (1945) proposed the following separation 
scheme: “The mixed acids are first crystallized from acetone (5 ce per gm) at 
— 30° when the portion left in solution is found to contain most of the linoleic 
acid. The deposited solids are then crystallized from cther (10 cc per gm) at 
-— 30° when the soluble material consists of oleic and linoleic acids with minor 
proportions of saturated acids; the deposited solids should have a compara- 
tively low iodine value (10 to 20), due as a rule wholly to oleic acid.” Several 
variations of this procedure were applied to sunflower, sesame, and peanut oils; 
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each time three or four sub-fractions were first obtained, which were subse- 
quently converted to methyl esters and fractionally distilled. Grxstong and 
Hivpitcn (1946) applied the method to oils containing linolenic acid (cf. 
Survowara and Brown, 1938); by crystallizing the fatty acids of linseed oil 
at — 50° from acetone and ether they obtained four fractions of iodine values 
21-2 to 235-2. The method was modified by HrtpitrcH and Rivey (1946) for use 
on fats containing cleostearic acid and by Hixpitcn and Patsak (1947) for 
the study of the acids of marine animal oils. GuNsToNE and Paton have 
similarly studied the acids of deer and camel fats (1953a) and of python fat 
(1953b). By crystaliization of the mixed acids of seal oil from acetone at — 60° 
and — 40° and from ether at — 30° four fractions of iodine values 2-8, 75-6, 
103-1, and 294-4 were obtained. Many other investigations by Hr-prrca and 
co-workers and by other investigators in the field have regularly employed the 
procedure or some modification thereof. (Cf. GuNstonE and Patos, !953a.) 

The separation of the fatty acids of menhaden oil by fractional crystallization 
of a solution of 100 gm of the acids in Skellysolve B was described by Brown 
(1944). Crystal fractions were removed at — 10°, — 20°, — 30°, — 40°, and 
— 65°. The composition of each of the crystal fractions was calculated, corree- 
tions being applied for entrained mother liquor acids. Iodine values of the 
three intermediate crystal fractions ranged from 4-6 to 9-0, suggestive of de- 
position of small amounts of monoethenoie acids as mixed crystals in each of 
these fractions. The crystal fraction at — 65° gave an iodine value of 86-3, 
very close to that of oleic acid. The — 65° filtrate, iodine value 269, consisted 
of a mixture mainly of polyethenoic acids capable of esterification with glycerol 
to make an excellent drying oil. 

It might be pointed out that crystallization procedures have not yet been 
successfully applied to mixtures of unsaturated fatty acids with four or more 
double bonds. Since these acids are very low melting (arachidonic, — 49°), it 
is understandable that their solubilities are extremely high even at — 75°, the 
practical working limit with dry ice. Crystallization methods for these acids 
will probably necessitate the use of a coolant such as liquid air. 


(c) The separation of fatty acid mixtures by crystallization of 
methyl esters 
In attempting to separate fatty acid mixtures, it is often preferable to work 
with methyl esters rather than with the free acids, because association in 
solution is practically non-existent with esters. Un the other hand, esters 
present the disadvantage of being more soluble than the acids, necessitating 
the use of lower temperatures. We have observed, for example, that, while it 
is easy to crystallize linolenic acid from solvent at — 75°, the methyl and ethyl 
esters of this acid are still very soluble and hence do not crystallize easily at 
this temperature. When it is desired, therefore, to work with esters of this 
type, one must consider the use of temperatures perhaps of the order of — 100°. 
Few solvents are suitable for work at this temperature. 
Brown and Sroner (1937) first described the partial separation of the 
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unsaturated methyl esters of cottonseed oil to give filtrate fractions containing 
82 per cent methyl linoleate. De La Mare and SuHortanp (1944) obtained 
liquid and solid acid fractions of pig back fat by crystallizing the mixed methyl 
esters three times from acetone (15 ml per gm) at — 35°. Anc-Nasr and Potts 
(1953) applied this procedure to the esters of the oil of Citrullus colocynthis. 
In comparing their results with those obtained by the lead soap method they 
concluded that “the technique of low temperature crystallization is advan- 
tageous not only by reason of its simplicity and directness but also due to its 
efficiency as evidenced by an iodine value of 7-2 for the saturated fraction.” 
The separation of the methyl esters of menhaden oil into saturated, mono- 
ethenoic and polyethenoic fractions by crystallization was reported by SmiTH 
and Brown (1945a). By cooling 100 gm of the mixed esters in 4 i. acetone to 
— 55° and recrystallizing the crystal fraction twice from methanol, a saturated 
fraction of iodine value 5-9 and a combined filtrate fraction of iodine value 
234-1 were obtained. The filtrate fraction in methanol (10 per cent solution) 
at — 70° yielded a further crystal fraction containing additional saturated 
esters and most of the monoethenoic esters. These were repeatedly crystallized 
from methanol. As a result of a series of crystallizations 1700 gm of menhaden 
oil esters was separated into the three fractions described in Table 10. Distilla- 
tion of the monoethenoic fraction described above showed it to be contaminated 


Table 10. Separation of menhaden oil esters into saturated, monoethenoie, 
and polyethenotc fractions 


(SmrtuH and Brown, 1945a) 
Menhaden oil esters, 1700 gm 


Saturated | Monoethenotc 


I.N. 4:8 
P.N.* 0-0 


I.N. about 95 | I.N. 285-2 
-N.* 3-9 P.N.* 80-5 


489-0 gm (30-9%) | 239-0 gm (15-1%) 853 gm (54-0%) 


* Polybromide No. 


with smal] amounts of methy] myristate, which, on account of its solubility and 
possible intersolubilization, remained in the filtrates even at the low tempera- 
tures used. It was further observed that recovery of the monoethenoic esters 
was incomplete due to intersolubilization with the polyethenoiec esters in the 
several filtrates. By this technique it was possible to show the presence in this 
oil of monoethenoic acids of series C,, to C,.. Winter and Newxw (1950) ob- 
tained ester fractions of elephant seal oil by crystallization from acetone at 
—- 20°, — 50°, and — 80°; iodine values, 19-0 to 231-0. 

One of the most important applications of crystallization of methyl esters is 
that of separation of the components of single carbon series following fractional 
ester distillation. We have selected a number of examples illustrative of this 
point from work done in this laboratory. Numerous other examples could be 
cited. 
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Separation of C,, Esters of Human Milk Fat. (Brown and Ortans, 1946) 


A small C,, fraction, 11-9 gm of I.V. 2-0, was separated as shown in Chart 1. 
The dodecenoate in F, had been concentrated about twelve times; in F,, about 
three times. 


CHART I 
CRYSTALLIZATION OF C,, ESTERS 
Human milk fat 
C,, esters (I.V. 2-0) 
11-9 gm in 900 ml MeOH 
Cooled to — 70° 


Cc, 11-6 F, 0-3 gm; LV. 28-8 
converted to acids, 11-4 gm mol wt 214-5 

Twice crystallized from 24% dodecenoate 
550 ml petrol. ether at — 35° 76% laurate 


9-4 gm, lauric acid F,, 1-7 gm 
LV. 0-7; mol wt 199-1 LV. 7-3 
m.p. 43-3 to 43-5° mol wt 207-1 


Separation of Methyl Myristate and Tetradecenoate 


The C,, esters of human body fat contain about 6 per cent of methyl tetra- 
decenoate. A similar mixture from butterfat was separated by Bosworta and 
Brown (1933) bry bromination and fractional distillation to obtain methyl 
myristate and dibromomyristate which was subsequently reduced to tetra- 
decenoate. This separaticn was more conveniently accomplished by CRAMER 
and Brown (1943) as follows (Chart 2): 


CHART 2 
CRYSTALLIZATION OF C,, ESTERS 
Human Depot Fat 


; C,, esters (mol wt 242-2; LV. 6-4) 
10 gm in 400 ml MeOH 
Cooled to — 60° 


Cc, 
Dissolve in 370 ml MeOH 
Cool to — 60° 


i Cc F, 


2 
a 8-5 gm myristate; mol wt 240-8 1-5 gm combined filtrates 
LV. 0; m.p. 18 4° mol wt 239-9; L.V. 57-3 
56% tetradecenoate 


Chart 2 describes a ten-fold concentration of methyl tetradecenoate and the 
isolation of nearly pure methyl myristate in three operations. An equally 
efficient separation is described by Brown and Orrans (1946) working with 
human milk fat. 
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Separation of Methyl Palmitate and Hexadecenoate 


The C,, ester fraction of human milk fat (BRowN and Ortans, 1946), containing 
about 10 per cent of methyl hexadecenoate, was separated as shown in Chart 3. 
Two crystallizations gave nearly puze methyl palmitate and a fraction con- 
taining methyl hexade senoate of 95-2 per cent purity. 


CHART 3 
CRYSTALLIZATION OF C,, METHYL ESTERS 
Human milk fat 


59-1 gm C,, esters: I.V. 10-2; mol wt 268-8 
Dissolved in 3600 ml MeOH 
Cooled to — 50° 


C, F, 5-8 gm 
Added 3000 ml MeOH I.V. 90-2; mol wt 270-9 
Cooled to — 50° 95-2% methyl hexadecenoate 


C, 51-8 gm 
methy] palmitate 
mol wt 269-3 

0-0 


F, 0-9 gm; LV. 80-5 
85°% hexadecenoate 


Separation of Methyl Palmitate, Hexadecenoate, and Hexadecatrienoate 


A specific problem arises in the separation of the C,, ester fraction of marine 
animal oils, which contains not only palmitate and hexadecenoate, but also 


CHART 4 
CRYSTALLIZATION OF C,, METHYL ESTERS MENHADEN OIL 
260 gm C,, esters: I.V. 51-2; mol wt 267-8 


Dissolved in 10-1 MeOH 
Cooled to — 25° 1 


C, 118 gm F, 81 gm 
Dissolved in 2200 ml MeOH Add 1500 ml MeOH 
Cooled to — 20° Cooled to — 30° 


Cc, Filt. 
Add 2200 ml MeOH Add 1500 ml MeOH 
nl to — 20° Cooled to — 50° 


C,;, 102 gm Filt.-> Filt. 
Me palmitate Add 1500 ml MeOH 


Cooled to — 70° 


Combined 
7 gm; I.V. 62-5 


C, 31 gm Filt. 30 gm 
L.V. 98-3 L.V. 164-8 
Me hexadecenoate Me hexadecatrienoate 
(crude) 


= 
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hexadecatrienoate. A procedure which resulted in the isolation of pure methyl 
palmitate, and crude specimens of cther C,, monoethenoic and trienoic esters 
from menhaden oil is described in Chart 4 (SmrrH and Brown, 1945b). 


Separation of C,, Esters 


Details of crystailizations of the C,, esters of human fat, human milk fat, and 
menhaden oil are given in the references cited above. The scheme employed by 
ForEeMAN and Brown (1944) for the isolation of pure methyl oleate is described 
in a later section of this review. In a simple mixture of stearate, oleate, and 
linoleate, it is very easy by several erystallizations from methanol at — 60° to 
remove all of the linoleate. Most of the stearate can then be taken out by 
allowing a 2-5 per cent solution of the esters in methanol to stand at — 25°. 
The efficiency of this latter separation is illustrated by the following example 
(FoREMAN, 1942): ‘100 gm of a mixture of stearate and oleate of iodine value 
82 (about 96 per cent oleate) was allowed to stand in 41 methanol for 1} days 
at — 25°. Large flat crystals of methyl stearate (3-5 gm; I.V. 4-0) came down 
under this treatment’. If, on the other hand, the fatty acid mixture contains 
also linolenate, it is easy to remove the stearate and most of the oleate, but it is 
not possible by crystallization to fully separate the linoleate and linolenate, 
and thus to purify methyl linolenate or the free acid by this method. For 
additional applications of separation of C,, methyl ester fractions, see the 
paper by Mimican and Brown (1944), who applied the method to the Cy, 
fractions of a large series of animal and vegetable fats. 


Separation of Cy, Esters 
FoREMAN (1942) separated the C,, esters of rapeseed oil inte methyl] arachidato, 
eicosenoate, and possibly eicosadienoate by the following scheme (Chart 5): 


CHART 5 
SEPARATION OF C,, METHYL ESTERS OF RAPESEED OIL 
90 gm C,, esters: I.V. 77-0; mol wt 329-2 
7% soln. in Skellysolve B 
Cooled to — 25° 


2- 


C, 2-5 gm; LV. 10-2 F, 85 gm 
L.V. 69-3; mol wt 335-9 
55 gm in 1400 ml MeOH 


Cooled to — 25° 


F, 35 gm; L.V. 91-3 
Crude Me cicosenoate 
Separation of C,, Esters 
By use of a modification of a method previously employed by Foreman (1942), 
Kos (1953) separated the C,, methyl esters of rapeseed oil as described in 
Chart 6. 
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CHART 6 
SEPARATION OF THE C,, ESTERS OF RAPESEED OIL 


80 gm C,, Me esters of rapeseed oil (LV. 71-8) 
Dissolved in 4 1, acetone 
Cooled to — 20° 


C,, 5-3 gm F,, 79-1 gm; IL.V. 73-7 
LV. 51-0 Dissolved in 2 1 acetone 
Cooled to — 60° 


C, 73-8 gm; I.V. 72-3 F, 5-4 gm (I.V. 93-1)* 
Dissolved in 2 1 acetone 
Cooled to — 60° 


C, 71-4 gm; 1.V. 71-8 F, 2-3 gm; I.V. 89-2° 
Dissolved in 2 1 acetone 
Cooled to — 30° 


C, 1-3 gm F, 70-0 gm; I.V. 72-0 
L.V. 67-3 Me erucate 
In the examples cited above the value of low temperature crystallization as 

a method of separating methyl esters of specific carbon series from Cy, to Cy, 
is amply demonstrated. Generally, better separations are possible with esters 
than with acids for separating saturated from monoethenoic acids and mono- 
ethenoic from diethenoic acids. On the other hand, difficulty is usually ex- 
perienced in separating mixtures of di-, tri-, and polyethenoic esters with four 
and five double bonds. With these latter compounds intersolubilization and 
eutectic formation are potential barriers to efficient separations. 


VI. Tue IsonaTion oF Pure Fatry Actps AND OF CONCENTRATES 
oF CERTAIN POLYETHENOIC ACIDS 
Crystallization at low temperatures is admirably adapted to the isolation of 
pure fatty acids and many types of fatty acids have been prepared by various 
modifications of the procedure. Actually, several of the charts appearing in 
the previous section illustrate procedures which have resulted in relatively pure 
acids or esters. Some of the principles involved in the isolation of different 
types of naturally occurring acids are discussed below with specific illustrations. 


(a) Saturated acids and esters 
Homologous series of acids or esters differing by only two carbon atoms are 
extremely difficult to separate by simple crystallization, their solubilities being 
teo nearly alike. On the other hand, if one component of a binary mixture 
of two adjacent saturated acids is present in large excess and the major 


* F, and F, contain appreciable amounts of polyethenoic esters. 
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component is the less soluble, the separation can be accomplished simply by a 
series of crystallizations. Even if the major component is the more soluble, 
part of it can eventually be obtained pure, provided the less soluble component 
is present in small enough amount. Thus, if the solubility ratio is 5:1 and 
only 5 per cent of the less soluble component is present, the more soluble com- 
ponent can be crystallized under such conditions as to leave the unwanted 
component in solution. In attempting such a separation, esters should be em- 
ployed instead of the free acids to minimize mixed crystal formation. 

As a rule, the first step in preparing a pure saturated acid such as stearic 
acid or its methyl ester is to isolate the pure C,, methyl ester fraction from a 
fat rich in stearic acid by ester distillation. All unsaturated esters can then be 
easily removed by several crystallizations from petroleum ether, acetone, or 
methanol at — 20°. The more dilute the solution the more efficient will be 
each crystallization. For acids of lower molecular weight, such as capric or 
lauric, the corresponding C,, or C,, fractions of butterfat or coconut oil are 
employed, but it must be kept in mind that these esters are decidedly more 
soluble at — 20° than C,, or C,, esters and temperatures down to — 40° or 
lower will be necessary. 


(b) Oleic and other monoethenoic acids 
The simplest method of preparing oleic acid of 95 to 98 per cent purity is the 
method of Brown and Sxrnowara (1937), who started with the mixed fatty 
acids of olive oil. Saturated acids were largely removed by cooling an acetone 
solution of these acids to — 20°. Upon further cooling the filtrate to — 65° 
the crystal fraction contained most of the oleic acid. Three additional crystal- 
lizations at this temperature resulted in complete removal of linoleic acid. The 
final product in this instance contained small amounts of palmitie acid. The 
ForEMAN and Brown (1944) procedure, cited previously, is very similar to 
that used by WHEELER and RIEMENSCHNEIDER (1939), and is directed first to 
the isolation of pure methyl oleate, from which oleic acid can be obtained by 
the usual methods. This method involves (1) preparation of pure C,, methyl 
esters of olive oil by twice distilling through a packed column; (2) five crystal- 
lizations from methanol to remove all linoleate; (3) crystallizing at about 
— 30° from methanol to remove remaining amounts of stearate. Many sub- 
sequent workers have eiaployed essentially this same method (Strrton et al., 
1945; Swern et al., 1944; Lutron, 1946; Paquot and DurrenBeERGER, 1951; 
FevuceE et al., 1951; Ross et al., 1949; Gotumsic, 1946; Swern et al., 1946; 
Swern ef al., 1945; Hotman and Ex_mer, 1947). It should be cautioned that 
oleic acid prepared from animal fats is likely to contain small amounts of iso- 
oleic acids (SWERN ef al., 1946), including variable amounts of trans acids. The 


latter may occur in Jarge amounts in shortenings and margarines made from 
hydrogenated fats (MaBRrovuK, 1953). 
Variations of the ForrEMan-Brown and WHEELER and RIEMENSCHNEIDER 


techniques are suitable for the isolation of practically any of the monoethenoic 
acids, provided the appropriate carbon series is first isolated by ester 
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distillation. Thus, Hopxnss ef al. (1949) obtained pure methyl eicnsenoate by 
crystallizing the C,, esters of jojoba oil from acetone at — 40° and recrystal- 
lizing at — 5°. The preparation of 11-eicosenoic acid has been previously 
mentioned (ForEMAN and Brown, 1944). Details of an improved method of 
preparing pure ricinoleic acid are described by HAWKE (1950). 


(c) Linoleic acid 
In the previous review (Brows, 1941) the preparation of linoleic acid by re- 
peated crystallization of alpha-linoleic acid was cited. The iso-lmoleic acids 
which are found in alpha-linoleic acid are much more soluble than linoleic acid 
and repeated crystallization of the mixture from acetone suffices to remove them. 

Bavr, in our laboratory (1943), repeatedly crystallized beta-linoleic acid 
from petroleum ether and succeeded in isolating two components, one of which 
was identical with alpha-linoleic acid, containing about 90 per cent of linoleic 
(cis,cis-9,12-octadecadienoic) acid, and the other a mixture of iso-acids, which 
yielded no petroleum ether-insoluble tetrabromostearic acid. 

A more simple method of preparing linoleic acid is to directly crystallize the 
fatty acids of an oil rich in linoleic acid and containing no linolenic acid, as 
described by FRANKEL and Brown (1941): this method was applied later to 
a series of oils by FRANKEL, STONEBURNER, and Brown (1943). A brief descrip- 
tion of the method follows: 

(1) The mixed fatty acids of the oil are dissolved in acetone (75 gm per litre 
solvent) and cooled to — 20 to — 25°. The crystal fraction is removed by 
inverted suction filtration. 

(2) The filtrate from (1) is further cooled to — 50° with slow stirring and is 
filtered, as before. 

(3) The filtrate from (2) is cooled to — 70°. The crystal fraction is about 
90 per cent Jinoleic acid. 

(4) The crystal fraction from (3) is dissolved in 30° to 60° petroleum ether, 
65 gm per litre and cooled to — 48°. The crystals at this temperature are 
usually 95 per cent linoleic acid. At —- 48° the solubilities of oleic and linoleic 


acids are more nearly equal in petroleum ether than in acetone, so that rela- 


tively larger amounts of the oleic acid remain in solution. 

(5) The 95 per cent acid is dissolved in petroleum ether, 6-25 gm per litre, 
and cooled to — 60° to — 62°. This time the crystal fraction is practically 
pure linoleic acid. The objective of this step is to use enough solvent to keep 
all of the oleic acid in solution, and thus to crystallize pure linoleic from the 
solution. The success of the last operation depends on the fact that the starting 
material is a 19: 1 linoleic/oleic acid mixture, while at — 60° the ratio of solu- 
bilities is very much smaller. Very low concentrations also tend to minimize 
mixed crystal formation’. By this procedure FraNnKEL et al. successfully iso- 
lated linoleic acid from sesame, cottonseed, grapeseed, and poppyseed oils; 
subsequently, it has been used successfully in our laboratory to prepare pure 
linoleic acid from the fatty acids of soybean lecithin, and soybean, wheat 
germ, tobacco seed, and safflower oils. Whenever the original fat contains 
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significant amounts of iso-linoleic acids, as in butterfat, human milk fat, 
human fat, and olive oil, the product is usually found to be a mixture of oleic, 
linoleic, and iso-linoleic acids, probably due to intersolubilization or to eutectic 
formation. Partial separation of such a mixture can be accomplished by 
chromatography as shown by Lemon (1949). Other modifications of low tem- 
perature crystallization methods as applied to isolating linoleic acid are des- 
cribed by Pater, and Rivey (1951) and Pagvot and MERcIER 
(1951). A concentrate of docosadienoic acid was obtained by crystallization of 
the C,, esters of rapeseed oil from acetone at — 60° (BaLica and Hivprrcg, 1949). 
Employing a combination of the ester distillation and low temperature crystai- 
lization techniques, CRossLey and Hivpitca (1950) partially separated the com- 
plex fatty acid mixtures of stillingea oils and obtained concentrates of the unique 
2,4-devadienoic acid which occurs in this oil to the extent of about 5 per cent. 


(d) Linolenic and other trienoic acids 


Pure linolenic acid has been prepared by repeated crystallization of debromina- 
tion linolenic acid as described by MatrHews, Brope, and Brown (1941). 
However, a recent attempt in our laboratory to repeat this work failed because 
the debromination acid, a!though its iodine value was close to the theoretical, 
contained about 34 per cent of iso-linolenic acids which are about three to four 
times as soluble as linolenic acid. On each attempt to crystallize at — 70° the 
composition of the filtrate acids and crystals remained about the same. This 
result may have been due to eutectic formation. No crystallization procedure, 
starting with acid mixtures from natural sources, such as linseed or perilla 
oils, has resulted so far in a product more than 90 to 92 per cent pure. It is very 
easy by sterting with the acids of linseed oil and freezing out lesser unsaturated 
acids to obtain gocd yields of 75 per cent linolenic acid; it is possible but much 
more difficult, for the reasons mentioned previously, to get a product of 90 per 
cent purity. In the earlier stages of the process it is preferable to use methyl 
or ethyl esters, but as the product becomes purer, the separation becomes more 
difficult. Furthermore, solubilities of methyl and ethyl] linolenates are so high 
thet temperatures lower than — 75° would seem to be pecessary. Preparation 
of concentrates of linolenic acid have been described by the following: (SHrNo- 
WARA and Brown, 1938: Hrepiren ef al., 1951; Rusorr et al., 1945). Ksicut 
et al. (1946) studied concentrates of linoleic and linolenic acids, which they 
isolated from beef tallow acids by an extended series of crystallizations from 
acetone. A concentrate of hexadecatrienoic acid was prepared by crystallizing 
the C,, methyl esters of rape leaf lipids from methanol at — 15° by SHortanpD 
(1945). (Cf. also Smita and Brown, 1945b.) By crystallization of the acids of 
the seed fat of the evening primrose Ritey (1949) was able to isolate and 
identify 6,9,12-octadecatrienoic acid. 


Other polyethenoic acids 


Up to the present, as noted previously, low temperature crystallization has not 


been successfully used in the isolation of pure arachidonic acid or of other 
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polyethenoic acids with four, five, and six double bonds. Concentrates of methyl 
arachidonate (65 to 70 per cent) may be easily obtained by cooling solutions of 
the methyl esters of the fatty acids of adrenal phosphatides in acetone or 
methanol to -- 75° (Mowry et al., 1942). Recently, methyl arachidonate of 
about 92 per cent purity was obtained by fractional distillation of suci a con-, 
centrate (WuiTE, 1949). The pure ester kas been isolated by chromatography 
(Wire and Brown, 1948; Hers et al., 1951). Purified «- and 3-parinaric acids 
and some of their derivatives were prepared from the oil seeds of Balsaminaceae 
by crystallization of the acids from petroleum ether (KAUFMANN and KELLER, 
1950). Saortanp and co-workers have repeatedly used low temperature 
crystallization in the course of their investigations of New Zealand butterfat 
(Hansen and SHortanp, 1950, 1951; SzorLAND, 1950). More particularly, 
SHORLAND and JOHANNESON (1951) isolated a C.5_,, methyl ester fraction which 
they crystallized from acetone at — 50° to yield a filtrate fraction of iodine 
value 216-5. This, as well as a number of similar preparations, was shown to 
be a concentrate of both tetraene and pentaene esters of these series. 


VII. SepaRATION OF GLYCERIDES BY Low TEMPERATURE 
CRYSTALLIZATION 


As noted in the previous review (Brown, 1941), the early attempts to separate 
the glyceride mixtures of the natural fats were unsuccessful because these 
glycerides do not occur as monoacid triglycerides but rather, as proposed by 
Hivpircu (1941), as mixed triglycerides, in which the fatty acids are dis- 
tributed, according to the so-called “‘even distribution rule” or, as proposed by 
others, according to a random pattern. Norris and Matritzt (1947) have 
claimed that fats do not adhere strictly to either of these theories of structure, 
but that animal fats tend to approach random distribution while seed fats 
more nearly approximate even distribution. Dozrscuuk and DavBeErt (1948) 
have shown that a partial random scheme best explains the glyceride structure 
of corn oil. According to any of these theories (except the monoacid), a major 
component acid of a given fat should be found distributed over almost all of 
the glyceride molecules present. As early as 1901 Hoipe and Stance (1901) 
crystallized an ether solution of olive oil at — 40° and demonstrated for the 
first time that this oil, in spite of high content of oleic acid, contains no signifi- 
cant amount of triolein. 

In the late 1930's, Hitpitcu and his associates developed the use of low 
temperature crystallization as a part of their technique for determining the 
glyceride composition of various fats. The method was first applied to cotton- 
seed oil (Hi~pircu and Mappison, 1940) and has since been used extensively 
in this laboratory for studying the glycerides of a large number of fats and oils, 
including palm oil (Hiprtcu et al., 1947a; Meara, 1948), cacao butter 
(Megara, 1943), human milk fat (Hmwpircu and Meara, 1944), and various 
marine oils (HtLDITcH and Mapprson, 1948; and Patnax, 1947; 
ByaRNASON and Merara, 1944), animal fats (Hitprrcu and 
1949; Gupta et al., 1950), seed oils (Hi~prtcH and Mapptsoyn, 1940, 1941; 
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GuNsTONE ef al., 1947; ef al., 1947b; Duwn ef al., 1948; 
et al., 1947c; CrossLey and 1953), and drying oils and 
Rivey, 1946; and Seavey, 1950; Hiwprrcn, 1949; Barker and 
1950; and 1951). The procedure gener- 
ally involves separation of the glycerides into about five or six fractions by 
crystaliization from acetone at temperatures lying between 10° and — 60°. A 
typical fractionation scheme might involve successive separations at — 60°, 
— 40°, — 20°, and — 10°. It is generally possible to separate glyceride mix- 
tures into the following series of fractions: GS,, GS,U, GSU,, and GU;, where 
S and U represent saturated and unsaturated fatty acids, respectively, and G 
designates the glycerol moiety. -A rather interesting application of the method 
was the crystallization of the perinephric fat of a pig which had been fed on 
a dict of whale oil (Gortox, Hrwitrcu, and Meara, 1952). Crystallization 
from acetone at — 40° yielded 26 per cent of a soluble fraction which was 
similar in composition to whale oil and 74 per cent of an insoluble fraction 
which resembled normal pig fat. The preparation of certain glyceride con- 
centrates from a large series of natural fats and oils is described by Cama ef al. 
(1953). 

A detailed fractionation of butterfat was reported (HexDERSON and JAcK, 
1944; Jack and HenpeErson, 1945; Jack et al., 1946). The fat was crystallized 
from pentane at — 7°, — 13°, — 23°, and — 53°, yielding four crystal fractions 
and a filtrate; the corresponding iodine values were 8-3, 22-2, 23-5, 31-2, and 
58-4. “Solid” and “liquid” acids were prepared from each fraction by freezing 
from acetone at — 20°. All ten “liquid” and “solid” fractions were submitted 
to ester distillation. It is interesting to note that when the five glyceride frac- 
tions were fed to weanling rats (Jack et al., 1945) the — 53° filtrate gave the 
best growth response and the — 7° precipitate the poorest. 

RIEMENSCHNEIDER and co-workers (1946) fractionated lard and tallow by 
crystallization from acetone. The resulting seven fractions from lard, obtained 
at temperatures from 20° to — 45°, gave iodine values of 4-5 to 130-6. Spectro- 
scopically, the final fi'trate fraction was shown to contain 35-75 per cent linoleic 
acid, 2-40 per cent linolenic acid, and 4-69 per cent arachidonic acid. Cotton- 
seed oil (RIEMENSCHNEIDER ef al., 1940) was similarly separated into seven 
fractions by use of temperatures down to — 65°. Low temperature crystalliza- 
tions of corn oil into nineteen fractions (DoERScHUK and DavBert, 1948) and 
of soybean oil (Dutrow et al., 1959) were carried out in connection with studies 
of glyceride structure of these oils. 

CorpinG and co-workers studied the conditions for fractionating white 
grease by solvent crystallization, using both anhydrous (Corp1Nc et al., 1953a) 
and water-saturated (Corpine ef al., 1953b) ketones and esters as solvents. 
Liquid propane (Lacey ef al., 1951) has also been used as a fractionating solvent 
for glycerides. 

A commercial process has been described (James, 1949) for separating soy- 
bean oil into two fractions, a more saturated fraction suitable for edible pro- 


ducts and soaps and a less saturated fraction for use in such commodities as 
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paints and varnishes. The oil was mixed with one or two parts solvent and 
cooled rapidly to — 20° to — 60°F, the precipitated material being removed by 
continuous centrifugation. Crystallization at low temperatures has also been 
used successfully by DavBERT and co-workers (Jackson et al., 1944; DAUBERT 
and BaLpwin, 1944; DavBert and Srpuv, 1948) for purifying certain synthetic 
glycerides. 

Several investigators have determined solubilities for various purified tri- 
glycerides, but the information relates almost entirely to the saturated com- 
pounds. Loskit (1928) reported the solubility behaviour of the simple satur- 
ated triglycerides from tricaprin to tristearin. His work covered rather wide 
ranges of temperature and included a number of organic solvents. Fewer data 
are available for mixed triglycerides; however, certain values for both sym- 
metrical and unsymmetrical diacid triglycerides have been reported (ROBINSON 
et al., 1932; McE troy and Kina, 1934), while Coen and DavBert (1945) have 
determined solubilities for a series of triacid triglycerides. The solubilities of 
certain glycerides in liquid propane were investigated by Htxon and co- 
workers (Hixon and Hixon, 1941; Hixon and BockeLtmMan, 1942; DREW 
and Hrxon, 1944). Their study included tristearin, tripalmitin, tricaprylin, 
and refined cottonseed oil in various binary and ternary systems. Although 


solubilities for the fully unsaturated glycerides have not yet been determined, 
their relative values can be roughly estimated from a consideration of their 
melting points. 


VIII. MisceELLANEOUS APPLICATIONS 


In the section which follows are described miscellaneous applications of low 
temperature crystallization to the separation of a wide variety of mixtures. 


(a) The preparation of pure egg lecithin 


It is strange that low temperature crystallization has as yet been used only 
infrequently for the separation of other lipid mixtures than those described 
previously. However, one such application, Chart 7, is the preparation of pure 
lecithin from egg lipids by Sryciarr (1948). The product had a considerably 
higher iodine value than one prepared by conventional methods. 


(5) Synthetic fatty acids and fatty acid derivatives 


Numerous examples of the successful application of low temperature crystal- 
lization to the separation of synthetic fatty acids and certain derivatives of 
the fatty acids have appeared in the literature. While space does not permit 
mention of all of these references, some of the more important typical uses of 
the procedure follow. 

Cason and co-workers have isolated certain branched chain acids. For 
example, 15-metnyl octadecenoic acid (Cason and Coan, 1950) was purified by 
crystallization from acetone at — 25°; successive crystallizations at — 30° 
and — 70° were likewise used to purify 9-n-octyl heptadecanoie acid (Cason 
and STANLEY, 1949). 
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CHART 
PREPARATION OF EGG LECITHIN 


Acetone-insoluble lipids of egg yolk 
Dissolved in | Cooled to 4° 


ethanol (10% | 
4 
F, 


Cooled to — 35° 


Dissolved in 
ethanol 


- 


C; 


Combined 
dialyzed against 
water for 3 days 


Cooled 
to — 35° 


Dissolved 


in ethanol 


F, 
Purified lecithin 
Iod. No. 79-9 

N/P = 1-01 


The method has proved convenient for separating trans-fatty acids from 
their equilibrium isomerization mixtures. Elaidic acid, for exemple, is readily 
crystallizable from an oleic-elaidic mixture by cooling a 10 per cent acetone 
solution of the mixed acids to about — 20°. Crystallization at — 12° was 
reported effective for separating petroselaidic acid from the products obtained 
by the action of N,O, on petroselinic acid (WILLIAMS and VasiL’Ev, 1948). 
Fusari et al. (1951) applied low temperature crystallization to the purifica- 
tion of a series of synthetic “iso-oleic” acids, including cis-7-, trans-7-, cis-8-, 
and trans-8-octadecenoic acids, as well as both the cis- and trans-11-octadecenoic 
(vaccenic) acids. They also utilized the method in purifying certain intermediate 
compounds, such as the 7- and 8-octadecynoic acids. Additional trans acids which 
have been prepared in this laboratory using the low temperature crystallization 
technique include brassidic, truns-eicosenoic, and lrans-hexadecenoic acids. 
Nicuo.s et al. (1951) have published a detailed scheme for separating the iso- 
linoleic acids found in alkali-isomerized linoleic acid. The method has also 
been used by Resetvo and Davperrt (1951) to isolate methyl isolinoleate in 
95:8 per cent purity from the hydrogenation products of methyl linclenate 
and by von Mixuscu (von Mikuscn, 1950; 1951) to separate isolinoleie acid 
(trans-10-trans-12-linoleic) from alkali isomerized or dehydrated castor oil. In 
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addition, it has been employed by Jackson et al. (1952) for preparing purified 
linolelaidic acid (trans-9-trans-12-) as well as some other compounds which 
appeared to be cis-9-trans-12-, cis-9-trans-11-, trans-9-trans-11-, and trans-10- 
cis-12- octadecadienoic acids. 

Repeated crystallization from petroleum ether at 2° to 3° was ilk by Kuan- 
(1951) to purify stearolic acid. A similar technique was used in the purification 
both of stearolamide and of stearoly] alcohol. Ethanol (80 per cent) was used 
as solvent for the crystallization of 9,10-diketostearic acid. Deuterated methyl 
stearolate (methyl-9,10-dideutero oleate) was purified by crystallization from 
ether at — 41°. 

Low temperature crystallization has also been used to purify other fatty 
acid derivatives such as hydroxy acids (Roe et al., 1947) and fatty acid amides 
(Rox et al., 1952). 

InovE and his co-workers in Japan have developed a method for separating 
fatty acids by means of their hydroxamie acids (INovE and Yukawa, 1940). 
The hydroxamic acids are crystalline substances with melting points con- 
siderably higher than those of the corresponding carboxylic acids. The hydrox- 
amic acid derived from oleic acid, for example, melts at 61°. Fatty acids are 
converted quantitatively to hydroxamic acids by reaction with hydroxylamine 
under anhydrous conditions; the original acids can be later regenerated by 
refluxing with dilute alcoholic sulphuric acid solution. 

Treatment of hydroxamic acids at 0° with orgaaic solvents, such as alcohol, 
ether, petroleum ether, or carbon tetrachloride, is recommended for separating 
fatty acid mixtures into saturated and unsaturated fractions. The hydroxamic 
acid method is also reported to be superior to steam distillation as a means for 
separating volatile and non-volatile fatty acids (INovE et al., 1941). 

The technique has been suggested as a means for obtaining pure oleic acid 
from olive oi! (INovE and Yukawa, 194la) and pure erucic acid from rapeseed 
oil (YuKawa and Inove, 1942). Moreover, it is claimed that repeated crystal- 
lization of hydroxamic acids from organic solvents facilitates the preparation 
of highly purified linoleic acid from cottonseed oil and linolenic acid from soya 
bean oil (INovE and Yukawa, 1941b). 

Another unusual fatty acid derivative which has been isolated by crystalliza- 
tion is methyi hydroperoxido oleate (Swit et al., 1946). Methyl oleate was 
oxidized under u.yv. radiation to yield about 5 per cent of the hydroperoxide. 
Separation was then effected by crystallization from acetone according to the 
scheme shown on page 89: 


(c). Pseudolipids 
Several interesting applications of the low temperature technique to the resolu- 
tion of certain lipids which occur naturaily but which are neither fatty acids 
nor their compounds and which have been designated as pseudolipids (BRown, 
1950) have been reported. One such application is that of removal of un- 
saponifiables from oils, as for example the sterols from peanut oil (OLIVER 
et al., 1944) and from pike liver oil (SHanrz, 1948) and the tocopherol 
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CHART 8 
ISOLATION OF METHYL HYDROPEROXIDO OLEATE 


Methyl oleste, 500 gm 
0,, u.v. irradiation 


Methyl oleate, 477 gm 
Methy] hydroperoxido oleate, 25 gm 
5 vols. to — 60° 


+ 


F, 
ss Methyl oleate, 8 ym Methyl oleate, 469 gm 
Methyl hydroperoxido oleate, 23 gm Methyl hydroperoxido oleate, 2 gm 


2-5 vols. acetone | cool to — 80° 


F, C; 
Methyl oleate 2 gm Methyl oleate, 6 gm 
Methyl hydroperoxido oleate, 15 gm Methyl hydroperoxido oleate, 8 gm 


(90% purity) (55% purity) 


fraction from cottonseed oil (StsGLETON and Barey, 1944). Crystallization 
from acetone at — 10° was applied to a tocopherol fraction of alkali-refined 
soybean oil to free it from steroids (Stern et al., 1947). The unsaponifiable 
material from the liver oil of the seven-gilled shark (Karnovsky et al., 1948) 
was separated into “solids” and “‘liquids” by crystallization at low temperatures 
from methanol and petroleum ether. 

Pure synthetic Vitamin A aidehyde (ARENS and VAN Dorp, 1949) was pre- 
pared by crystallization from petroleum ether at — 40° as was the phenyl 
azobenzoate ester of Vitamin A, alcohol (SHaNnTz, 1948) from a higher boiling 
hydrocarbon solvent at — 30°. 


(d) Miscellaneous applications to the separation of organic compounds 


Although this review is primarily directed towards describing the uses of low 


temperature crystallization in the separation of lipids, a brief discussion of its 


application to organic compounds in general seems appropriate. 

The organic chemist frequently uses crystallization as a method for purifying 
solid compounds, but he does not usually think of this technique in purify- 
ing substances which are liquids at room temperature. Separations of liquids 
which may be difficult by distillation can often be accomplished by crystalliza- 
tion at tow temperature, and since the technique is simple, requires no com- 


plicated equipment, and is without hazard of thermal decomposition, the 
organic chemist might well consider a trial of the method. It is our opinion 
that the procedure is widely applicable in the separation of organic compounds. 

In 1910 Fiscner (1910) cooled a mixture of nitrotoluenes (60 per cent o-, 
30 per cent p-, 2 per cent m-) to — 18°, thereby causing the para isomer to 
crystallize out of solution. He also separated p-xylene from a xylene mixture 
by cooling with liquid air. This latter process has recently been applied on a 
commercial scale to the separation of xylene mixtures. By cooling such a 
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mixture to — 95°F, there can be separated crystals containing 75 to 85 per cent 
p-xylene. Recrystallization yields a p-xylene product of 95 per cent purity 
(Chem. Eng., 59, 219, 1952). Interest in this process was stimulated by the 
demand for p-xylene as a raw material in Dacron manufacture. 

f-Ethyl naphthalene (SwrETosLawskI, 1947) has been separated from an, 
a-8-mixture by dissolving the mixture in an alcohol, such as methanol, and 
cooling it to — 40° to — 45°. At this temperature crystals of f-ethyl naphtha- 
lene separate from the solution and can be filtered off. Crystallization at low 
temperatures has also been employed in the purification of styrene (WER, 
1946), durene (ScuMIDL, 1951), and chrysene (Curtis, 1947). 

Separations of m- and p-ethyl phenols (CisLak and Orro, 1949) was effected 
by virtue of the fact that the meta isomer forms with o-toluidine an addition 
compound which can be crystallized from solution at — 15°. The addition 
compound has use in fungicidal preparations, and m-ethyl phenol can be re- 
covered from it in an essentially pure state. Mixtures of m- and p-cresol 
(ENGEL, 1945) may be resolved by a process comprising solution in a paraffinic 
hydrocarbon solvent and cooling to 0°. Crystals of p-cresol can then be removed 
by filtration. Washing these crystals and distilling off the last traces of solvent 
results in a product of 98-6 per cent purity. Crystalline 2,3,5-trimethyl phenol 
(LuTEN, 1944) may be separated from crude alkyl phenol mixtures by fractional 
distillation and subsequent crystallization at 0°. The deposited crystals of 
2,3,5-trimethyl phenol are then recrystallized and may be used to produce 
trimethyl] hydroquinone—an intermediate in Vitamin E synthesis. 

Benzene, which contains 2 to 3 per cent of close-boiling hydrocarbon im- 
purities, can be purified by crystallization from chilled liquefied butane 
(Keene, 1949). About 50 per cent of the benzene can be recovered in this 
way, and the remainder can be subjected to azeotrovic distillation with isopropyl 
alechol. 

Hydrocarbon mixtures which do not yield to separation by distillation can 
often be resolved by preferential crystallization. For example, mixtures of C,, 
to C,, hydrocarbons were separated into n-paraffin, iso-parailin, and naphthenic 
groups by fractional crystallization with progressive cooling in an organic 
solvent (e.g. a mixture of acetone and dichloroethane (Compagnie Francaise 
de Roffinage, Fr. 1,012,345, 1952) ). Low temperature crystallization has 
various applications in the petroleum industry for separating oil fractions with 
special drying (ScHNEIDER, 1950) or viscosity index-improving (STEWART and 
ScHAERER, 1944) properties; and crystallization of petroleum fractions from 
liquid propane at temperatures in the region of — 40° is used commercially for 
deasphalting and dewaxing (Bray, 1938). 
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SYNTHETIC DETERGENTS 
W. Baird* 


I. Iyrropuctiox 


Soap, in one form or another, has been known from very early times and its 
valuable cleansing, wetting, emulsifying and dispersing properties naturally led 
to its use in textile treatment processes such as dyeing. The rapid development 
of the synthetic dyestuffs industry in the nineteenth century focused attention 
on the weaknesses of soap, namely its instability to hard water and «cids, and 
the need for a product possessing the valuable properties of soap without its 
defects became increasingly evident during this period. The first step towards 
such a product was attained about 100 years ago by treatment of vegetable 
oils such as olive and castor oils with sulphuric acid. These so-called sul- 
phonated oils, for example Turkey Red Oil, found widespread use in the 
textile industry though their actual cleansing power was relatively poor. There 
was then a strange lapse of time before the recognition of the technical pos- 
sibilities of manufacturing synthetic cleansing agents free from the disadvantages 
of soap and it was not until the First World War that the acute scarcity of 
natural fats and oils led the Germans to devote some attention to these pos- 
sibilities. The first fruit of their researches was a di-iso-propylated naphthalene 
sulphonic acid marketed as Nekal A by the Badische Anilin-wnd Soda- Fabrik 
A.G. but again this agent was of value more for its wetting and emulsifying 
properties than for detergency. The first really efficient synthetic detergents 
appeared a few years later but were based on naturally occurring fats and oils. 
These were the Gardinols of Bohme Fettchemie and the Igepons A and T of the 
I.G, They have the structure 


ROSO,Na, RCOOC,H,SO,Na and RCON(Me)C,H,SO,Na 


respectively where R—O— is derived from a long chain fatty alcohol and 
RCO— denotes an oleic acid residue. Their chemical similarity to the fatty 
acid soaps, RCO,Na, is obvious. 

The inter-war years saw intense activity in the whole field of surface active 
agents stimulated, no doubt, by the drive for economic self-sufficiency in 
Germany and by the technical and commercial potentialities in other countries. 
The original market was in the industrial field where technical advantages 
could be more easily demonstrated but the economically more lucrative house- 
hold market was attacked, principally by the Proctor and Gamble Co. with a 


* The author is indebted to Imperial Chemical Industries Ltd., Dyestuffs Division, for facilities 
which made possible this contribution. 
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fatty alcohcl sulphate marketed as Dreft. The years of the Second World War 
and post-war years have seen enormous advances in the use of synthetic deter- 
gents in both the industrial and household markets due largely to advances in 
chemical technology rather than to new chemical discoveries, and to the 
scarcity and high cost of animal and vegetable oils and fats as well as to the 
merits of the products. To-day, synthetic detergents can be regarded as an 
important industry and production in the U.S.A. now surpasses that of soap. 

It is not possible to draw any chemical line between products which have 
good detergent properties and closely related products which have poor deter- 
gent properties but which may be of technical value for other purposes, for 
example wetting. Detergency is frequently claimed along with other surface- 
active properties in the patent literature and standards of evaluation are rarely 
givén. In any case, it must be understood that the properties of any given 
detergent are reluted to the conditions of use so that product A may be better 
than product B for washing woollens while the reverse may hold for cotton 
and in fact the same differences may hold for cotton under different conditions 
of soiling and washing. Further, few of the products under consideration are 
simple chemical entities and properties depend on the various components 
present in the starting materials as well as on the various inorganic salts ete. 
which may ke present either adventitiously or purposely in the marketed 
products. An effort has therefore been made to give as comprehensive a 
picture as possible but with special emphasis on products of technical impor- 
tance as detergents and where comparisons of detergency are given the limita- 
tions of such statements should be fully appreciated. 

It is not possible to deal here with the physical-chemical aspects of deter- 
gency or with methods of evaluation. Suifice it to say that though the funda- 
mental factors affecting detergency are known, their relative importance is not 
known and physical-chemical tests cannot be used to predict detergent pro- 
perties. Methods of evaluation for the most part are efforts to duplica‘e in the 
laboratory, as far as possible, the particular conditions expected in use, and 
large-scale trials under practical conditions provide the final answer on perfor- 
mance. Cther technological and psychological factors such as hygroscopicity, 
economics, physical form and foaming properties must also be taken into 
account for commercial reasons. For information on other surface-active 
agents, physical-chemical considerations and methods of evaluation the reader 
is referred to other sources") (2), (3), 

The chemistry of synthetic detergents is essentially the solubilising of a 
hydrophobic hydrocarbon residue containing about 12 to 20 carbon atoms by 
means of a suitable hydrophilic group and the balance between these two 


governs in a rather general way the surface-active properties of the product. 
Solubilisation may be effected so that the hydrophobic part of the molecule 
forms part of the anion (anionic agents) or part of the cation (cationic agents) 
or it may be effected by means of groups which do not ionize in water (non- 
ionic agents): the subject-matter has been treated under these three headings. 
Since part of the object of research in this field has been to exploit cheap or 
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available sources of raw materials especially the natural fatty esters and 
petroleum-type hydrocarbons, an effort has been made to indicate the diverse 
ways the various raw materials can be used. The more important routes are 
indicated in the diagram below. In addition, a little consideration has been 
given to detergent adjuvants which play an important part in the commercial 


ROUTES TO SYNTHETIC DETERCENTS 
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Fig. 1 


success of the synthetic detergents. The subject-matter has therefore been 


dealt with under the main headings: 


II. Anionic detergents. 


A. Products derived from natural fatty esters. 
B. Products derived from petroleum and related raw materials. 


III. Cationic detergents from the above sources, 
IV. Non-ionic detergents from the above sources. 

V. Detergents from miscellaneous raw materials. 
VI. Detergent adjuvants. 


Suitable sub-headings have been employed according to the complexity of 
the subject-matter. 


ANIONIC DETERGENTS 


IT. 


The principal means of obtaining anionic types is by introduction of sulphonic 


| 
acid groups —C—SO,Na, sulphuric ester groups —C—O—SO,Na and, but less 
| 


important, carboxylic acid groups —C—CO,Na. Various miscellaneous acidic 


groups have also been used. The main chapters devoted to the production of 
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detergents from vegetable and mineral oils and the like are therefore restricted 
to these three solubilising groups whilst the use of the miscellaneous anionic 
solubilising groups with these starting materials is dealt with in a later chapter 
(C). 

The solubilising groups can be introduced directly or attached by indirect 
means. The principal methods of making sulphonic acids are, of course, well 
known in chemistry and comprise mainly treatment with sulphuric acid or 
other sulphonating agent, addition of bisulphite to double bonds, replacement 
of halogen by reaction with sodium sulphite and so on. The sulphuric ester 
groups are introduced by the sulphation of alcoholic groups and by addition of 
sulpburic acid at double bonds. Much of the research has therefore been directed 
to producing from the various sources intermediates on which such simple 
reactions can ke effected. The alternative method of reacting a suitable hydro- 
phobic intermediate with an intermediate already carrying the solubilising 
group, again by methods quite well known to the organic chemist, has also 
been studied extensively and is particularly important for utilising the fatty 


acids, 
A. Products derived from natural fatty esters 


These raw materials provide sources of fatty acids and fatty alcohois within 
the C,, to C,, chain length range which experience has shown to be necessary 
for optimum detergency. It is of course true that the fatty acids provide the 
main technica] source of the alcohols but it is conveaient to consider these 


under separate headings. It has already been indicated that the solubilising 


group may be attached by one of a variety of linkages to the hydrophobic 
residue and for convenience in discussing the subject-matter many of these 
have been treated individually. The subject-matter has therefore been divided 
into the following sub-headings: 

A.1, Products derived from fatty alcohols (sulphates, sulphonates and car- 


boxylic arid salts). 


(a) Production of fatty alcohols. 

(6) Sulphated fatty alcohols. 

(c) Ester derivatives of fatty alcohols. 
(d) Ether derivatives of fatty alcohols. 
(e) Other methods from fatty alcohols. 


A.2. Products derived from fatty acids (sulphates, sulphonates and car- 
boxylic acid salts). 
(a) Ester derivatives of fatty acids: sulphates. 
(b) Ester derivatives of fatty acids: sulphonates. 
(c) Amide derivatives of fatty acids: sulphates. 
(d) Amide derivatives of fatty alcohols: sulphonates. 
(e) Amide derivatives of fatty acids: carboxylic acids. 
(f) Derivatives of fatty amines. 
(g) Miscellaneous fatty acid derivatives. 
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1. Products derived from fatty alcohols (sulphates, sulphonates and carborylic 
acid salts). 

{a) Production of fatty alcohols. Spermacetti and sperm oil from the sperm 
whale are the principal natural sources of fatty alcohols. ‘The former, for sim- 
plicity, can be regarded as a crude ety] palmitate and the latter as crude oleyl 
oleate though other saturated and unsaturated esters of the same type are 
present. Saponification is a simple means of obtaining the required alcohols 
which can be separated from the by-product soap by super-heated steam 
distillation. The saponification process has been operated in a continuous 
manner on the large scale by the J.G. 

The technical development of catalytic hydregenation processes has played 
a part in the extensive use of fatty alcohol derivatives as detergents. The 
normal procedure is to hydrogenate the glyceride or other suitable ester over 
a copper-containing catalyst at 240 to 270°C and 200 atm pressure and details 
of the I.G. technique have been given.‘® Under these conditions rnsaturated 
esters are largely converted to the corresponding saturated alcohol and though 
special techniques such as using zinc-vanadium or cadmium-vanadium catalysts 
have been claimed” to give good yields of the unsaturated alcohols, these do 
not appear to have achieved technical success. Ar interesting departure from 
the normal catalytic method is by reduction of selected metal soaps“ such as 
lead oleate. 

The sodium-aleohol method of reducing esters to alcohols discovered by 
BovuvEAULT and Bianc does not affect olefinic bonds and has been used exten- 
sively for producing unsaturated (and also saturated) alcohols in Germany and 
the U.S.A. Deutsche Hydrierwerke made their oleyl alcohol from spern oil in 
this way, the obvious advantage over the saponification route being that both 
the alcohol and the acid residues of the oil are made available as alcohols: the 
I.G. method from butyl oleate has also been described. Large-scale develop- 
ment of the Bouveault-Blane method in the U.S.A. has been pioneered by the 
duPont Company. The chemistry of the reaction has been studied“ and 
secondary alcohols such as methyl isobutyl carbinol found best as the reducing 
alcohol. An interesting account has been given of the process as used by the 
Proctor and Gamble Co.“ 

(b) Sulpheted fatty alcohols. Sulphation is of course the cheapest possible 
method of solubilising fatty alcohols and involves treating the alcohol with, 
for example, sulphuric acid: 


ROH + H,SO, > ROSO,H + H,O 


It is interesting to record that cetyl alcohol was first sulphated by Dumas 
and Peicor in 1836, about 90 years before technical development of the sul- 
phated fatty alcohols occurred. The earlier patent literature provides many 
references to methods of sulphating the fatty alcohols. Use of the normal 
sulphating agents such as sulphuric acid, oleam and chlorsulphonic acid was 
followed by the use of solvents for the reaction and the use of more selective 
sulphating agents. This was probably due to the need to effect the reaction 
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under as mild conditions as possible to avoid charring and undesirable side 
reactions. ln the absence of a solvent the minimum temperature of sulphation 
is dependent on the melting point of the fatty alcohol which is about 48°C in 
the case of cetyl and lower with the lower and the unsaturated alcohols. The 
use of sulphur trioxide with sulphur dioxide as reaction medium under adiabatic 
conditions has been described recently.'*” 

The unsaturated alcohols present a special problem in that in addition to 
sulphation of the alcohol group sulphation can also occur at the double bond: 


—CH = CH— + H,SO, —CH,—CH(0SO,H)— 


Sulphation at the double bond instead of, or in addition to, sulphation of the 
hydroxy] group results in inferior detergent properties. Both reactions occur at 
normal temperatures with sulphuric acid and the former is less dependent on 
temperature than the latter. Patents have therefore appeared for sulphating 
with sulphur trioxide compiexes such as those with pyridine and dioxan, sul- 
phating with oleum, chlersulphonic acid and pyrosulphates in the presence of 
bases such as pyridine, and so on. 

In industrial practice, sulphuric acid and chlorsulphonic acid with or without 
solvents give acceptable results. Thus the J.G. sulphated lauryl* and oleyl 
alcohols with chlorsulphonic acid in the presence of chloroform: they also 
used a chlorsulphonic acid-urea-formamide mixture for sulphating oleyl 
alcohol.“*) HENKEL sulphated lauryl alcohol directly with chlorsulphonie acid 
at 25 te 30° and higher saturated alcohols at up to 45°C but the batch size was 
limited. For textile purposes, oley] alcohol was sulphated with chlorsulphonic 
acid in pyridine to minimize attack at the double bond which is stated to result 
in increased substantivity to wool. For other general purposes HENKEL used 
97 to 98 per cent sulphuric acid for both saturated and unsaturated alcohols: 
free sulphur trioxide causes discoloration with unsaturated alcohols. Sul- 
phuric acid must of course be used in excess of theory and products so made 
usually contain the sodium sulphate as diluent. . 

The extensive usage of sulphated alcohols has led to the development of 
continuous sulphation processes. This can be done by allowing acid and alcohol 
to flow together without temperature control and then neutralizing rapidly to 
minimize side reactions. Descriptions of the HENKEL procedure have been 
given.©), [9) Alcohol and acid flow together from conceitric feed lines on to a 
rotating dise which has two perforated flanges perpendicular to the plane of 
the disc. The mixture passes through these perforations and is thrown on to 
the walls of a pan where it collects in an annular trough and is cooled by external 
cooling to 35 to 45°C. The mixture flows over into a further pan where it is 
held to complete the sulphation and is then continuously neutralised, using a 
mixture of pre-neutralised alcohol sulphate and caustic alkali to facilitate 


* Although not strictly correct, the terms laury], stearyl, oley] ete. are used here to denote the 
alkyl group corresponding to the acid from which it is derived. This is convenient and avoids 
cumbersome verminology such as cis- /,9-octadecenyl for oleyl. The acyl group is denoted by 
stearoyl or other unambiguous term. In any case, a pure substance meriting a truly chemical name 
is rarely under consideration. 
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temperature control. Sulphation can also be effected continuously by spraying 
together the alcohol and chlorsulpkonic acid.‘ 

It is clear that although sulphation is an apparently simple process close 
attention to technical detail is essential for optimum results. 

The properties of the sulphated alcohols—and this is general for all types of 
detergents—depend on the size of the hydrophobic residue used. Solubility 
decreases with increase in chain length so that sodium stearyl sulphate can only 
be used where temperatures approaching 100°C can be tolerated as in the case 
of cotton. The unsaturated alcohols are appreciably more soluble and sodium 
oleyl sulphate, like the lower saturated alcohol sulphates, can be used for 
woollens which are washed at a lower temperature. Apart from the limitations 
imposed by solubility, the higher members of the series give better detergency 
than the lower members of the series. It should be borne in mind, however, 
that pure alcohols are not used in practice, and solubility and detergent pro- 
perties will be affected by the particular mixture of alcohols usec. It seems to 
be generally accepted that for light duty detergency in the home, i.e. for 
washing woollens and fine fabrics, sodium lauryl sulphate is the most suitable 
on account of its ready solubility and excellent foaming power. The alcohols 
for this purpose are based on such raw materials as coconut and palm kernel 
oils. For industrial use, sodium oley] sulphate is preferred because of its better 
detorgency: difficulties with respect to physical form militate against its use 
in the household market. Sulphated alcohols in general are stable to alkali but 
hydrolyse under acid conditions. In common with all anionic agents they are 
substantive to animal fibres and the resultant “handle” conferred on wool is 
considered attractive by some users. 

The properties of the technical products are also affected by the purity of the 
alcohols used and by the sulphation conditions. Thus, paraffinic hydrocarbons 
may be present as impurities in alcohols obtained by catalytic hydrogenation 
and unsulphated alcohols may remain in the final product. Generally, such 
impurities are in sufficiently small amount not to be detrimental and in 
fact may even be advantageous in the case of unsulphated alcohol which 
ean have a favourable influence on foaming properties. For special purposes, 
e.g. cosmetics, impurities can be removed by relatively simple extraction 
processes. 

The sodium salts are, of course, the most extensively used but other salts, 
especially the triethanolamine salts, find outlets where special properties are 
desired, for example greater water solubility for liquid shampoos, They are 
marketed under a great variety of trade names. 

(c) Ester derivatives of fatty alcohols. Fatty alcohol esters carrying sul- 
phonic acid, sulphuric ester or carboxylic acid groups to confer solubility are 
quite readily prepared. 

Direct esterification of the alcohol with sulphoacetic acid"* or with chlor- 
acetic acid followed by reaction with sodium sulphite gives products of the type 


R—O—OC—CH,—SO,Na 
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Related products can be obtained by addition of bisulphite to esters of un- 
saturated acids such as acrylic and crotonic acid: 

R—O—CO—CH = CH, + NaHSO, + RO—CO—CH,CH,S0,Na 
Maleic mono- and di-esters, giving rise to sulphosuccinic esters by addition of 
bisulphite,"® have been carefully studied and products of the Aerosol type 


Na0,S—CH—CO,R 


have been found of considerable technical interest but mainly as wetting agents 
where R and R! are, for example, 2-ethylhexyl or lower alkyl groups. More 
complex unsaturated acids, for example Diels-Alder type adducts of maleic 
anhydride, have been used in place of maleic acid. 
An alternative procedure is to convert the alcohol to a hydroxy acid ester, 
e.g. with lactic acid followed by sulphation of the hydroxy group"®: 


ROH R—Q—CO—CH(0H)CH, R—O—CO—CH(OSO,Na)CH, 
Aromatic residues can also be intreduced by making esters, e.g. of m-sulpho- 
benzoic acid” (I), sulphophthalic acid"® (II) or phenoxyacetic acid followed 
by sulphonation™® (ITT). 


Na0,8 CO.C,H,; 
I tl Ill 


Products having the carboxylic ester group are of course subject to hydrolysis 
especially under alkaline conditions and this, together with the extra ccst 
involved as compared with direct sulphation of the alcohols, limits their use- 
fulness. Nevertheless, the lauryl sulphoacetate and sulphobenzoate find com- 
mercial outlets for special purposes, e.g. in dentifrices where taste is a point of 
importance. A route to the related sulphosalicylic esters has been described 
recently, (20) 

The higher alcohols have been reacted with anhydrides" such as phthalie, 
maleic and succinic giving rise to products of the type ROCO—X—CO,Na, but 
although these are claimed to have cleansing properties they do not appear to 
have found commercia! outlets presumably on grounds of solubility or lack of 
resistance to hard water. 

Carbamic ester linkages have been used‘*” in place of carboxy ester groups 
to introduce the solubilising groups. e.g.: 


ROH ROCOC!: ROCOC! 4+- NH(Me)C,H,SO,Na —> 
ROCON(Me)C,H,SO,Na 

ROCOCI NH(Me)CH,CO,Na ROCON(Me)CH,CO,Na 

ROCOCI + NH,C,H,OH ROCONHC,H,OH -> ROCONHC,H,OSO,Na 
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which bear a close structural resemblance to Igepon T, Medialan A and 
Igepon B respectively (see pp. 110, 113). 

Fatty esters of amino acids,‘**) mercapto acids'™) etc. have been used for 
attaching the solubilising group via the amino and mercapto residues, e.g.: 


ROCOC,H,NH, + HO,CC,H,CO,H ROCOC,H,NHCOC,H,CO,H 
ROCOCH,SH + CIC,H,SO,Na -> ROCOCH,SC,H,SO,Na 


(d) Ether derivatives of fatty alcohols. Numerous ether derivatives can be 
prepared by standard methods, e.g.: 


CH—CO,Et CH,CO,Et CH,CO,Na 
= (<A) 


| 
ROH + CH—CO,Et > RO—CH—CO,Et RO—CH—CO,Na 


ROH RO. C,H,Cl -> ROC,H,SO,Na® 
ROH -> ROC,H,0C,H,Cl > ROC,H,0C,H,SO,Na* 


ROH RCI > » 
ROH — ROCH,< SO,Na‘® 


but the most practicable is by direct reaction with an alkylene oxide, e.g. 
ethylene oxide or cyclohexene oxide to give hydroxy ethers which are sul- 
phated'*”: 


ROH + nCH,—CH, -> RO(C,H,O),H + RO(C,H,O),—SO,Na 


Chlormethyl ethers readily made from the alcohol, formaldehyde and hydro- 
chloric acid, can be reacted with ethylene oxide and then with sodium sulphite™ : 


ROCH,Cl ROCH,OC,H,Cl ROCH,OC,H,SO,Na 


(e) Other methods from fatty alcohols. Many other reactions available to 
the organic chemist have been examined for converting fatty alcohols to surface- 
active compounds but apparently have not achieved commercial success for 
economic or technica] reasons. Thus, the alcohols can be condensed with 
aromatic hydrocarbons and phenols to give alkylaromatics and alkyl phenols 
respectively: these can be sulphonated ete. They can be d2hydrated to 
olefines and the olefines converted to alkylaromatic types. The olefines can 
also be used in a variety of other ways, e.g. sulphated, sulphonated, reacted 
with hypochlorous acid and the resultant chlorhydrin reacted with sodium 
sulphite, and so on. 

The n-alkyl halides have also been used extensively as intermediates giving, 
in addition to the above types of compounds, mercaptans which can be oxidised 
to sulphonic acids or converted by standard procedures to many of the thio, 
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sulphoxide or sulphone products corresponding to the O-ether derivatives 
described above, e.g.: 
ROH — RCI > RSH RSCH,CH,OHB RSCH,CH,0SO,Na.™ 
"4 
RSO,CH,CH,OH — RSO,CH,CH,OSO,Na 


Thiazole derivatives such as 


(31) 
| 
SO,Na% 


and amino derivatives such as 


have also been made by means of the alky] halide. 

In general, however, alkylaromatic, olefine and mercaptan derivatives are 
much more economically available from petroleum-type sources and will be 
discussed in greater detail later. 

Other alcohol derivatives described include glucosides and acetals carrying 
sulphonic acid or sulphuric ester groups, e.g. the sulphobenzaldehyde acetal of 
lauryl alcohol, 


< » 


The C,—C,, alcohols are also available from the lower fractions of coconut 
oil alcohols. These are of too short chain length to be used as such (unless two 
are used) but they can be converted to detergent intermediates by means of 
the Guerbet reaction which may be summarised as 


CH,OH 


RCH,CH,OH + R’CH,OH ->R 

These alcohols are therefore branched chain primary alcohois and resemble 
in structure the Oxo alcohols which are described later. A review of the 
chemistry of the reaction and the properties of the products is given by 
Macuemer.“) The more obvious objection to the process is one of economics 
though 2-hexyldecanol is stated to be produced from n-octyl] alcohol and the 
sulphate is said to bs similar in detergent properties to the sulphates from 
myristyl and cetyl alcohols. 


2. Fully acid derivatives (sulphates, sulphonates and carboxylic acid salts). 


Much ingenuity and effort have been expended in obtaining useful products 
from the fatty acids which are cheap and plentifully available in normal times. 
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In times of scarcity conversion to synthetic detergents results in a more 
efficient usage as against their direct use as soaps, apart from questions of use 
in hard water. 

(a) Ester derivatives of fatty acids: sulphates. Conversion of fatty acids or 
glycerides to hydroxyalkyl esters followed by sulphation to products such as 


RCO,CH,CH,OSO,Na 


is one of the simplest and cheapest methods which can be devised for utilising 
the fatty acids and it has been intensively studied. The monoglycerides are an 
obvious practical answer: they can be made either by alcoholysis of a naturally 
occurring glyceride with glycerol or by esterifying a fatty acid from any source 
with an excess of glycerol. Both these procedures give mixtures of the various 
glycerol esters, the relative yield of each depending on the conditions used. 
The monoglycerides can be isolated if desired by suitable distillation techniques. 
The monoglycerides can be sulphated by the methods already described for 
the fatty alcohols. The finished products contain both the carboxylic ester and 
the sulphuric ester group and are therefore susceptible to hydrolysis under 
both acid and alkaline conditions. This can give rise to difficulties in producing 
material of uniform quality and processes have been designed to overcome 
these. Thus, the crude sulphation product may be added to a suspension of a 
neutralising agent such as sodium carbonate in an inert organic solvent for the 
suiphation mass such as ethanol, or the sulphuric ester may be neutralised 
by contacting it in an atomised state with a base such as ammonia in vapour 
form.“ 

The most interesting procedure technically for making sulphated mono- 
glycerides comprises the direct reaction of the triglyceride with glycerol and 
sulphuric acid: oleum can also be used.‘*”) This process has been made con- 
tinuous and is obviously attractive economically. Glycerol trisulphurie ester 


can be used: 


NaO,SOCH,CH(OSO,Na)CH,0(SO,Na) + ©,,H,,CO,H —> 


Ethylene glycol, propylene glycols, polyglycols, pentaerythritol and the like 
have also been used as polyhydric alcohols in place of glycerol and the hydroxy 
esters have been made from the fatty acid soap and the requisite chlorhydrin, 
e.g. Cl(CH,),OH. Products of analogous structure have been made by reacting 
a fatty acid with formaldehyde, ethylene glycol and sulphuric acid“: 


RCO,H + CH,O + HOC,H,OH + H,SO, > 
R—CO,—CH,—O—CH,CH, —O—SO,Na 


Hydroxy esters can also be made by reacting a fatty acid with an epoxide 
and an interesting variation of this is to interact a polymethylene oxide with 
a fatty acid and a sulphonating agent thereby achieving the desired product 
in one stage. For example, tetrahydropyran, laurie acid and chlorsulphonic 
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acid are heated together until water soluble and the mass then neutralised. 
The reaction is represented thus: __- 


CH. 


4 

+ RCO,H + CISO,H > 
CH, CH, 


RCO,CH,CH,CH,CH,CH,OSO,H + HCI» 


Similar products are made by heating fatty esters of tetrahydrofurfuryl alcohol 
with sulphuric acid.“ 

Esters of unsaturated alcohols, e.g. allyl and methallyl alcohols, can also be 
made and sulphated at the double bond.‘ 

As indicated before, products containing carboxylic ester groups are suscep- 
tible to hydrolysis and hence they are of limited value under alkaline conditions. 
Their use in practice is therefore somewhat restricted, but nevertheless the 
sulphated monoglyceride type has been developed extensively in the US., 
pioneered mainly by Colgate- Palmolive- Peet as Vel and the Artic Syntex products 
for domestic use: the ammonium salt is marketed for shampoos, 

(6) Ester derivatives of fatty acids: sulphonates. The earliest and simplest 
detergent of this type to achieve technical importance was Igepon A (I.G.), the 
oleic ester of isethionic acid (8-hydroxyethane sulphonic acid): 


C,,H,;COOCH,CH,SO,Na 


The procedure used by the J.G., described by Brown,‘ involves heating 
the acid chloride with isethionic acid sodium salt at about 115°C in a specially 
designed reactor fitted with heavy duty mixing so that the initial pasty mass 
is converted to a granular powder as the reaction proceeds. It has also heen 
made by reacting the fatty acid with sodium isethionate at 180 to 200° though 
this is believed to be a less desirable method.“® The intermediate acid chloride 
is obtained by reaction of phosphorus trichloride on the acid and the sodium 
isethionate by reacting sodium bisulphite with ethylene oxide. 

Alternative methods of preparation have been proposed, e.g.: 


RCO,Na + CIC,H,SO,Na RCO,C,H,SO,Na 
which is claimed to be effected best in the presence of a solvent such as a fatty 


acyl ethanolamide or formylmorpholine,“” and by reacting chloroethyl esters 


with sodium sulphite: 
RCO,C,H,Cl + Na,SO, RCO,C,H,SO,Na 
Likewise sulphoalkyl esters other than the sulpho-ethyl have been made by 
similar means, e.g.: 
RCO,CH,CHOHCH,SO,Na“) 
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Esters carrying a tertiary carbon atom, e.g. isobutyl laurate, can be sul- 
phonated with vigorous sulphonating agents”: 


RCO,CH,CHMe, RCO,CH,C(Me,)SO,Na 


More complex products can be obtained by making sulphoacetates of hydroxy 
alkyl esters or sulphoacyl derivatives of aminoalky]l esters, e.g.: 


RCO,C,H,OCOCH,SO,Na“ and RCO,C,H,NHCOCH,SO,Na™ 


The latter, known as Emco type detergents, are stated] to be highly effective in 
preventing lime soap deposits when incorporated in soap.“ Fatty esters of 
unsaturated hydroxy esters (and amides) such as the lauric ester of allyl 
glycollate have been sulphonated* to give mixtures containing sulphonic acid 
and,sulphuric ester groups: 


RCO,CH,CO,CH,—CH=CH, -> RCO,CH,CO,CH,CHOHCH,SO,Na 
4+ RCO,CH,CO,CH,CH(OSO,Na)CH,SO,Na 


Products containing aromatic residues, e.g. : 
S$0,Na 


have been described.” 

It will have been noted that two shorter chain alkyl groups can be used in 
plac? of one long chain alkyl group (p. 104) and this is further exemplified by 
using C,—C,, di-esters of glycerol sodium sulphonate 


CH,O0H.CHOH.CH,SO,Na™ 


For high detergency with the Igepon A type product the J.G. preferred the 
oleic ester of sodium isethionate though for household use the product derived 
from coconut oil fatty acids gave better foaming. Products of this type, though 
good detergents ‘n neutra! solution, suffer from hydrolysis particularly in alkali 
and therefore find their main outlet in light duty detergency, e.g. for wool. 

(c) Amide derivatives of fatty acids: sulphates. These may be regarded as 


of the general formula 


R—CO—NH—X—OSO,Na 


The alkanolamines, and particularly ethanolamine™, suggest themselves as 

convenient hydroxyamines and sulphated lauric ethanolamide, 
C,,H,,CONHCH,CH,0SO,Na 

has been widely used in the U.S.A. 

The fatty acyl cthanolamides can be made by heating the fatty acid and 
ethanolamine at about 170 to 180° but this gives rise to a product containing 
some of the f-aminoethy] ester as a by-product which detracts from the deter- 
gent and foaming properties of the final product and improved results are 


* Although the action of sulphuric acid on double bonds gives rise to sulphuric esters under mild 


conditions, more vigorous conditions caa give hydroxy (or sulphato) sulphonie acids. 
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obtained by acylating with the acid chloride. An alternative procedure is to 
react the glyceride directly with the alkanolamine at about 100°C, by-product 
glycerol being recovered by washing. 

The sulphation of these alkanolamides can be done by the usual means of 
sulphuric acid or chlorsulphonie acid though special techniques have also been 
devised.) According to the 7.G. procedure for Igepon B, the oleic amide of 


1-amino-3-hydroxybutane, 
C,;H,,CONH—CH,—CH,—CH(OH)—CH, 


was sulphated with chlorsulphonic acid in a urea-formamide mixture so as to 
avoid attack on the double bond.“ An alternative method proposed for laurie 
ethanolamide is by the Schotten-Baumann reaction on the aminoethyl sulphurie 


ester 
C,,H,,COCI +- NH,CH,CH,OSO,Na C,,H,,CO.NH.CH,.CH,.0SO,Na 


According to Scuwartz and Perry, the properties of the sulphated ethano- 
lamide of coconut fatty acids vary enormously with the degree of purity. Pure 
preparations are excellent foamers and detergents and are equal to sulphated 
alcohols but many of the commercial products contain sufficient unsulphated 
materials to detract markedly from their surface-active properties. It is known 
that they are subject to hydrolysis in the presence of water and difficulties with 
regard to purity may therefore well arise during the working up and drying of 

hese products; they are stable when dry. More recent work has shown that 

in the particular case of suiphated stearethanolamide the presence of un- 
sulphated ethanolamide is necessary to give optimum detergency for wool.'* 
The J.G. considered that the isobutanolamide derivative is more stable to 
hydrolysis than the ethanolamide and that in the case of the ethanclamide, 
better stability is obtained by reacting with ethylene oxide to give a product 
of the type RCONH(C,H,O),H before sulphating.“® ©®) In this event it would 
possibly be better to use stearic rather than lauric acid as the acylating agent 
to compensate for the solubilising action of the ethenoxy groups. 

Hydroxy amines other than the above have of course been mentioned in the 
literature, e.g. diethanolamine, glycerolamine and trimethylolaminomethane.©” 
Similarly, these other alkylolamides can he reacted with ethylene oxide and 
sulphated. Such variations do not appear to have achieved technical importance 
presumably mainly on economic grounds. 

Products closely related to the above can be obtained by addition of sulphuric 


acid to unsaturated amides: 
R—CO—NHCH,CH = CH, + H,SO, - RCONHCH,CH(OSO,H)CH, 


(d) Amide derivatives: sulphonates, The original representative of this 


type of product to be marketed is Igepon T (I.G.): 
R—CO—N(CH,)C,H,SO,Na (R—CO— = oleic acid residue) 


which is made by the normal Schotten-Baumann technique from the acid 


110 


— 
- Tee 
| 


Anionic Detergents 


chloride and N-methyltaurine under aqueous alkaline conditicns.“ The 
methyltaurine is produced from sodium isethionate and methylamine by re- 
action at 270 to 290°C and 200 atm, though cther routes are available. This 
type of product has of course been extensively investigated using a wide 
variety of amino sulphonic acids, both aliphatic and aromatic. The J.G. pre- 
ferred methyltaurine as an intermediate because of the excellent detergent and 
lime-soap Gispersing properties of the acyl derivatives. The parent taurine, 
made from ammonia instead of the relatively expensive methylamine, gave a 
product somewhat inferior in detergent properties and, owing to formation of 
by-product ditaurine, NH(C,H,SO,Na),, was obtained in poorer yield. An 
interesting account of work on Igepon T types is given by KastTens and Ayo.‘ 
Aromatic amino sulphonic acid derivatives have been examined in detail by 
VENKATARAMAN'®) and a product of this type, Lissapol LS, has been made by 


R--CO-NH-X , >—OCH, RCO = oleic acid residue 
| 


SO,Na 


Products such as Igepon T have high stability to acid and alkali and have 
found extensive use as general purpose detergents in Germany and the U.S.A.: 
the I.G. considered them rather better detergents than the sulphated alcohols 
and the best all-purpose textile detergents. As in the case of the sulphated 
alcohols, products from a C,, saturated fatty chain are of too low solubility and 
the oleic derivative is preferred for industrial use for both cotton and woollens, 
while products from coconut or palm kernel «ids are preferred for household 
purposes, The latter are, however, more hygroscopic than the corresponding 
alcohol sulphates and require special packaging. Such products have also been 
recommended extensively on account of their ability to disperse lime soaps. 
Recent work by KNow tes et al.‘©) suggests that laboratory tests on which 
general claims for lime soap dispersing properties have been based may be of 
little practical value and again emphasizes the need for trial under conditions 
of actual use. Much experience with the Igepon T' types is of course available. 
Analogues of Igepon T have been made by the route: 


Na,SO, MeNH, 
CIC,H,OC,H,Cl ——- CIC,H,0C,H,SO,Na ——- 


RcOCcI 
MeNHC,H,0C,H,SO,Na ——+ RCON(Me)C,H,OC,H,SO,Na\™ 


Acyl sulphamic acids of the type RCONHSO,Na, made by sulphonating 
the amide or acylating sodium sulphamate have been described.“ More 
recently the I.@. have been interested in products of the type RCONHCH,SO,Na 
made by reaction of the fatty acid amide with formaldehyde-bisulphite using 
piperidine as a catalyst."*) Luwipal R was made in this way from waste fatty 
acids but apparently it is not easy to effect complete reaction and properties 
were not very satisfactory. 


Synthetic Detergents 
Other aldehydes with bisulphite, including unsaturated aldehydes with two 


mols of bisulphite which gives rise to disulphonated products thus: 
SO,Na 


RCONH, + OCHCH = CH, + 2NaHSO, -- RCONH—CH—CH(SO,Na)CH,®. 


have been used in place of formaldehyde-bisulphite: sulphonated aldehydes can 


also be used. 
The J.G. were also interested in products made by the route: 


O 


AN 
RCONH, RCONHCH,CI : RCONHCH,C! + CH,CH, > 
RCONHCH,0C,H,Cl > RCONHCH,OC,H,SO,Na™ 


More complex structures in which formaldehyde is used to provide the con- 
necting link between the fatty amide and the solubilising group have been 
made by means of Mannich-type reactions, e.g. : 


RCONH, RCONHCH,OR : 
RCONHCH,OH + HN(Me)C,H,SO,Na -> RCONHCH,N(Me)C,H,SO,Na‘® 


RCONHCH,OH + HSC,H,SO,Na RCONHCH,SC,H,SO,Na‘® 


RCONH, + CH,O + sie 


RCONHCH,— OMe'!®) 


SO,Na 


Fatty arylamide derivatives with the sulphonate group attached indirectly 
to the aromatic residue are known, e.g.: 


or alternatively the acylamide residue may be attached indirectly as in 


The ethanolamides again can give rise to sulphonic acid derivatives by means 


used for the fatty alcohols themselves and sulphoacctates of the type 
R—CO—NHC,H,0,CCH,SO,Na‘”) 


are of commercial interest. 

(e) Amide derivatives: carboxylic acids. Although the soap-forming fatty 
acids give insoluble calcium and magnesium salts, the introduction of suitable 
groups between the fatty residue and the carboxy group can result in a great 
improvement in solubility so that some of these can be used satisfactorily in 
all but very hard water. Various fatty acyl derivatives of amino acids such as 


112 


ch 


Anionic Detergents 


aspartic acid and N-f-hydroxyethylglycine have been examined. The first 
product of this type to be marketed, Medialan A (I.G.), is the oleic amide of 
sodinm sarcoside, 


C,;H,;—CO—N(Me)CH,CO,Na 


Manufacture is by the normal Schotten-Baumann process;‘**) the intermediate 
sarcosine can be made by the usual methods from methylamine, formaldehyde 
and hydrogen cyanide, or from methylamine and chloracetic acid. 

Medialan A is stated to be specially useful in the milling of wool. Detergent 
properties are only of the same order as sodium oleate but its mild action on 
the skin coupled with moderate resistance to hard water make products of 
this type of interest for use on the human body. For such outlets, the coconut 
oil acid derivative is preferred on account of its superior foaming power but 
the physical properties of this are poor so that the 7.G. were interested in using 
mixtures of the stearic and coconut oil derivatives for shaving preparations." 

Closely related to the Medialans are the Lamepons (Germany) and 
Maypons* (U.S.A.) obtained by using amino acids or the lower polypeptides 
instead of sarcosine, the intermediates being obtained by hydrolysis of proteins, 
e.g. leather scrap. Variations on this theme are obtained by reacting fatty 
acylethanolamides with chloracetic acid,“ by benzylating the amino acids 
from proteins before acylating,‘) by esterifying the alkanolamides with e.g. 
diacetyltartaric acid,” and so on. 

(f) Derivatives of fatty amines. Fatty amines are quite readily available 
from fatty acids by the route 

NR, —H,0 H 
RCO,H —— RCONH, ——— RCN —+ RCH,NH, 


and can give rise to a host of derivatives some of which bear a formal resem- 
blance to many of the fatty amide derivatives already described having the 
linkage RNH—CO— in place of RCO—NH—. Thus the sulphoacetyl deriva- 
tive RNHCOCH,SO,Na‘® resembles the Jgepon type RCONHC,H,SO,Na 


while closely related to the Aerosol type (p. 104) are the products 


and C,,H,,N—CO—CH,—CH—CO,Na'™ 
| 


SO,Na CO,Na—CH,—CH—CO,Na SO,Na 


derived from maleic acid and octadecylamine by acylation and addition re- 

actions followed by addition of bisulphite at the double bond. These are 

marketed as detergents under the names Aerosol 18 and Aerosol 22 respectively. 
The simple amic acids such as 


RNHCOCO,H and RN(Me)COCH,OCH,CO,H 


bear a resemblance to Medialan A above and many products of this type 
including those from aromatic acids have been examined, good detergency and 
resistance to hard water being claimed.“ In general, however, the fatty 


* A list of products marketed under trade names is given in Ref. 4: or see A. J. Hatt, Modern 
Textile Auxiliaries, Thos. Skinner & Co., Manchester. 
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amines are relatively expensive intermediates thus limiting their commercial 
usefulness. Other methods can therefore be summarised schematically, inter- 


esting examples being: 
RNH, RNHC,H,OH RNHC,H,OSO,Na'™ 
RNH, RNHC,H,SO,Na‘* 


RNH, -> RNHCOCH,SH -> RNHCOCH,SC,H,SO,Na‘®) 
RNH, RNCO ++ RNHCONHC,H,30,Na‘ 
RNH, -> RNHCOCHOHCH, RNH.CO.CH(OSO,Na)CH,™ 
R(R’)NH RN(R’)COCI R(R’)NCON(Me)CH,CO,Na‘® 
RNH, + CH, = CHCO,Me > RNHCH,CH,CO,Me —> 
RNHCH,CH,CO,Na‘®) 
N N 


\ ZN 

RNH,->RNH—C C—NHR® 
i 
N N N N 


NZ 
Cc 


Cl NHC,H,SO,Na 


This last method, which depends on the stepwise reaction with the halogens in 
cyanuric chloride, is capable of many variations. 

It should be appreciated that although all these amine derivatives are 
classified here as anionic, some of them contain a basic amino residue and are 
amphoteric in character: they are sometimes described as ‘‘ampholytic” 
agents. 

(g) Miscellaneous fatty acid derivatives. Aromatic diamines can be used 
as intermediates giving iminazole derivatives. Thus 2-heptadecylbenziminazole, 

NH 
\ 


N 4 


from stearic acid and o-phenylene diamine can be sulphonated to the mono- 
sulphonate (marketed as Ultravon K) or the disulphonate'’”? (Ultravon W) 

which, unlike the monosulphonate, is soluble in acids: it is an effective ' 
C,H,OH 


detergent for wool. 


Hydroxyethyliminazolines, CH,—N, made from 
CH,—NZ 
hydroxyethylethylenediamine and fatty acids, have been sulphated.‘*®) 
Indole derivatives can be made by ring closure of acylated o-toluidine and 
sulphonating 
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NH NH 
CH +> RC RC 
\ 
CH CH 


Other routes employing fatty acids are: 
RCH,CO,H RCHBrCO,H RCH(SO,Na)CO,Na'™ 


» RCH, >—80,Nao 


CO,Me 


RCH,CO,H RCHBrCO,H RCHBrCO,Me RCHN{Me)CH,CH,SO,Na\™ 


RCO,H —- RCO—NHC,H,NH, — types of derivatives described under amines 
RCO,H -> RCN + RCSNE, -— analogues of the amide derivatives. 


The acids can also be converted to: ketones which in turn are reduced to 
alcohols; into acyloins and glycol derivatives; into carbinols by means of 
Grignard reagents; to aldehydes which are converted to glucosides or hydroxy 
acetals; to partial esters of polyhydroxy acids, e.g. tartaric acid. All these 
intermediates are then sulphated. 

In addition to these reactions which make use of the carboxy group or 
groups derived therefrom, many reactions have been based on the olefinic 
bond of unsaturated acid derivatives such as esters, including those available 
from natural sources, and amides. The principal reaction involved here is 
sulphation at the double bond of oleic acid derivatives and such products 
find extensive use in industry as wetting agents, dyeing assistants ete., but 
have little value as detergents. The double bond can also be used for other 
addition reactions to give intermediates for further reaction, for example con- 
densation with aromatic hydrocarbons to give alkyl aromatic derivatives which 


can be sulphonated: 


CH,(CH,),CH=CH(CH,),—CO,H > 


CH,(CH,),CH—CH,(CH,), 
SO,Na 


CH,(CH,),CH—CH,(CH,),—CO,H 


Isomers will, of course, be formed in such reactions. 
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Likewise, use has been made of the hydroxy group present in ricinoleic acid 
(from castor oil) and in the hydroxystearic acid obtained therefrom by hydro- 
genation. Side reactions complicate the chemistry of sulphating unsaturated 
and hydroxy esters, but they need not be discussed here. 


B. Products derived from petroleum and related raw materials 


Modern developments in the technology of petroleum, petroleum chemicals and 
related synthesis products from coal and natural gas have provided sources of 
intermediates which give rise to the major proportion of synthetic detergents 
now in commercial use. It is not possible here to give more than a brief outline 
of the processes involved in producing these intermediates but an extensive 
literature is available to those interested in pursuing this aspect. Broadly, it 
may be said that natural petroleum and synthesis products can give rise to 
paraffins and olefines which are of value directly or indirectly as detergent 
intermediates. 

The Fischer-Tropsch process is the main synthetic source of higher aliphatic 
hydrocarbons, ignoring for the moment the polymerisation of olefines from 
other sources. Briefly, it consists of the reaction of carbon monoxide with 
hydrogen over a suitable catalyst such as cobalt or iron and gives rise to a 


complex mixture of products containing mainly paraffins and olefines together 
with some primary alcohols and other oxygenated compounds. The com- & 
position depends on the ratio of the reactants and on the conditions of reaction: sens 


a comprehensive account of the subject is given by Storcn, GoLuMBIC, and 
Anperson."*® Interest has also been found in modifications of the Fischer- 
Tropsch process to provide a source of alcohols. The /.G. in particular were 
developing the so-called Synol process in which a reduced magnetic iron oxide 
promoted with alumina and potassium oxide is used as catalyst. This gives 
rise to improved yields of alcohols which are essentially straight chain. The 
yield of alcohols in the detergent chain length, however, is only of the order of 
10 per cent of the total liquid products and clearly the Fischer-Tropsch process 
or its modifications cannot be regarded as a direct source of detergent alcohols 
unless as by-products of the industry. Ruhrchemie were interested in a similar 
process in which the iron catalyst is activated with vanadium or thorium: their 
procedure was believed to give mainly branched chain primary alcohols.“ The 
Fischer-Tropsch process has been intensively studied in the U.S.A. and plant 
has been erected in recent times but though suitable alcohols are present these 
apparently have not yet been exploited commercially. 

Processes to produce detergents from paraffins naturally ditfer widely from 
those applicable to olefines and though many of the end products are of very 
similar constitution it has been decided to deal with these separatety for the 
sake of simplicity. Further, the use of linkages to link hydrophobic groups to 
the solubilizing group is not so prominent as it is with products derived from 
the fatty esters though the same metheds are frequently employed. The 
subject-matter has therefore been sub-divided into the following categories: 
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1. vroducts derived from paraffins (sulphates, sulphonates, and carboxylic 
acid salts). 
(a) Alkane sulphonates. 


(t) Alkane sulphonic acid derivatives. 


(6) Alkylaryl sulphonates. 
(c) Miscellaneous products derived from paraffins. 


2. Products derived from olefines (sulphates, sulphonates and carboxylic 
acid salts). 


(a) Alkane sulphonates. 
(6) Sulphated primary alcohols. 

(c) Sulphated secondary alcohols. 

(d) Alkylary] sulphonates. 

(e) Substituted alkylar yl] derivatives. 

(f) Miscellaneous products derived from olefines. 


1. Produets derived from paraffins (sulphates, sulphonates and carboxylic acid 

Paraffins on controlled oxidation can give rise to mixtures containing secondary 
alcohols and ketones: the ketones can then be reduced back to alcohols. 
Yields, however, are poor. The further oxidation to carboxylic acids, however, 
has been developed commercially in Germany using Fischer-Tropsch gatsch 
(wax fraction) and oxidizing with air in the presence of a permanganate 
catalyst.” Fatty acids of the desired C,,—C,, range and essentially straight 
chain, can be obtained by fractional distillation of the crude acids and these 
can be hydrogenated to alcohols for sulphation or used for making the other 
derivatives already described. The higher paraffins can also be cracked to give 
olefines for use as detergent intermediates but this will be dealt with later. 
The principal methods are by conversion to alkane sulphonates and alkylaryls 


for sulphonation. 
(a) Alkane sulphonatzs. The n-alkane-l-sulphonates in the C,,—Ci, 
detergent range have been made by academic methods and studied, but there 


is as yet no practicable method which would make them readily available. In 
any event, the low solubility of their calcium and magnesium salts would make 
them of little technical value. Parafiins such as kerosene can be chlorinated 


and converted via the isothiuronium salts to sulphonic acids: 


R NH R 


1 \ - 
CH, > tH-s—G HCl+  CHSO,H™ 
R’ 4 R’ NH, R’ 


By far the most important route to the alkane sulphonates is the Reed 
reaction’ which has been studied intensively by the duPont company in 
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America and the J.G. in Germany. It provided the major source of synthetic 
detergents in Germany during the war. The basic reaction involves treating a 
saturated hydrocarbon residue with chlorine and sulphur dioxide at about 30°C 
under the influence of actinic light (or other free radical catalyst) whereby the 
sulphon chloride is formed: this is subsequently hydrolysed: 


R—CH, — R’ + SO, + Cl, > R—CH(SO,Cl)—R’ + HCl 
R—CH(SO,Na)—R’ 


The reaction can be applied to substituted hydrocarbons but for detergent 
purposes paraffinic hydrocarbons such as a highly refined Pennsylvania white 
oil are used. The J.G. employed a C,,—C,, fraction B.p. 220 to 320°C from 
Fischer-Tropsch oils known as Kogasin which was hydrogenated to convert 
the olefines and oxygen compounds present to a saturated hydrocarbon mixture, 
Mepasin. The sulphon chlorides were known in Germany as Mersols and the 
sodium sulphonates as Mersolats. An account of the I.G@. process is given by 
VLUGTER. 10) 

The reaction takes place by a free radical mechanism and AsINGER”®” has 
shown that substitution occurs in a random manner along the chain so that a 
mixture of sulphonates is eventually produced. Some chlorination and forma- 
tion of disulphon chlorides occur, increasing in amount as the degree of conver- 
sion of oil to monosulphon chlorides is increased. In practice, therefore, a siight 
excess of sulphur dioxide over chlorine is used and as the disulphonated products 
are inferior in properties to the monosulphonates the best products are obtained 
if the extent of sulphochlorination of the oil is limited to about 30 per cent as 
in the case of Mersol 30. This of course introduces complications in that it is 
necessary to recover and re-use unreacted oil. Many means of doing this have 
been described, e.g. extracting the sulphon chlorides with liquid SO, or separat- 
ing the ci! mechanically after hydrolysis and dilution. 

Sulphuryl! chloride can be used“? in place of sulphur dioxide and chlorine, 
the reaction being catalysed by light or other catalysts for free radical reactions 
such as peroxides. 

An interesting alternative to the Reed process, the Hostapon process, was 
under active development by the 7.4.“ This involves reaction of the paraffin 
with sulphur dioxide and oxygen whereby the sulphonic acids are produced in 
one stage thereby effecting an economy in the use of caustic soda as compared 
with the Reed process. The reaction is catalysed by light but a preferred pro- 
cedure is to react in the presence of acetic anhydride, initiating the reaction 
with hydrogen peroxide: presumably acetyl peroxide is formed thereby. The 
mechanism of the reaction has been studied and shown to proceed in * wo distinct 

stages, the second stage being best effected in the presence of water: 


RH + SO, + 0, + (CH,CO),0 + RSO,0,COCH, -+ CH,CO,H 


5 
RSO,0,COCH, -}+- 6RH + 6SO, + — O, + H,O + 7RSO,H + CH,CO,H 
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The second equation summarises the total production of sulphonic acids in a 
reaction proceeding by a chain mechanism. The opiimum conditions for the 
two stages are different and a continuous process in which they were effected 
in separate vessels was elaborated. The overall procedure is a somewhat com- 
plicated one, involving as it does a recovery of acetic acid as well as of unreacted 
paraffin. Free radical catalysts of the type of azodiisobutyronitrile, 


Me,C(CN)—N=N—C(CN)Me, 


can also be used for this reaction.“ As a further alternative hypochlorous acid 
or chlorine monoxide together with sulphur dioxide can be used.“ Thionyl 
chloride plus chlorine can be used to give sulphinyl chlorides and the 
sulphinates oxidised to sulphonates.4@ 

The Mersolats are regarded as inferior to other types in detergent efficiency 
and they can only be compounded in limited amounts into powder formulations 
on account of their sticky and hygrosconic character. The bulk of German 
experience, however, was with Mersol D and Mersol H in which about 80 per 
cent and 50 per cent respectively of the oil was converted to sulphon chlorides 
rather than with the better products obtainable with a lower degree of sulpho- 
chlorination. It seems probable that the extensive use of the Mersolats was due 
largely to war-time conditions as it has not so far been paralleled elsewhere. 
Nevertheless, patenting of process improvements still coutinues in Germany ;" 
the references given to alternative processes are also of recent date. 


(i) ALKANE SULPHONIC ACID DERIVATIVES 


Just as the fatty acids have been converted to a host of derivatives, so have 
the alkane sulphonyl chlorides from the Reed process been studied as in- 
termediates for detergents giving products where the —CO— group of the 
former is replaced by the —SO,— group of the latter, e.g.: 


RSO,Cl > RSO,NH-K ; 


RSO,Cl -> RSO,N(Me)C,H,SO,Na"™ 
RSO,Cl RSO,NHC,H,OH RSO,NHC,H,OSO,Na™ 
RSO,Cl -> RSO,NH, -> RSO,NHCH,CN -> RSO,NHCH,CO,H 


RSO,Cl RSO,NH, — RSO,NH(C,H,O),,H 


RSO,Cl RS0,0—K > RSO,0—< 


These products apparently do not possess detergency characteristics sufficiently 
outstanding to merit the extra cost of manufacture. 

(6) Allylaryl sulphonates. Commercially, this is the most important class of 
synthetic detergents. Two technical routes are available, one from paraffins, 
which is considered here, and one from olefines which will be dealt with later. 
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The route from paraffins involves chlorination, condensation of the alkyl 
chlorides with benzene, followed by sulphonation: 


RH RCI+RK 


The paraffins used may be based on natural petroleum or Fischer-Tropsch 
synthesis products, the former being developed mainly in the U.S.A. by 
Monsanto ana Allied Chemical & Dye Corporation and the latter in Germany 
by the J.4. 

Starting. from petroleum it is usual to use a refined paraffinic fraction 
B.p. 220 to 240°C; consisting mainly of C,,—C,,; paraffins. The chlorination is 
a random reaction giving rise to substitution in all the possible positions on the 
hydrocarbon chain“ and poly-substitution can also occur, thereby giving 
rise to products of inferior quality. It is customary to limit the degree of 
chlerination to not more than 50 per cent of that theoretically necessary to 
convert to monochloroparaffin. The reaction can be effected at 60 to 90°C in 
the absence of a catalyst though catalysts such as light and iodine may be 
used. The crude alkyl chloride, frequently referred to as keryl chloride to 
denote its origin from kerosene, is then condensed with benzene using aluminium 
chloride in the normal Friedel Crafts technique at temperatures of 10 to 40°C 
and the crude, after destroying the catalyst, is distilled to recover unreacted 
benzene, paraffins and the alkylbenzenes. 

The alkylbenzene can be sulphonated under a variety of conditions ranging 
from the use of 98 per cent sulphuric through oleum to sulphur trioxide at 


temperatures below zero to about 50°C but as the market requires a high 
quality product with respect to colour, odour and active agent content, it is 


normal to use mild sulphonating conditions consistent with substantially com- 
plete sulphonation. For example, the alkylaromatic may be sulphonated with 
20 per cent oleum at 30°C and the spent acid removed by diluting to 80 per cent 
strength and separating at about 55°C. Useful surveys of conditions of sul- 
phonation have been provided by PauLson and by Kirscner."™* Continuous 
processes have been elaborated. The most recent trend is apparently towards 
the use of sulphur trioxide (or oleum)"™!*) in conjunction with inert diluents 
such as air, propane or liquid sulphur dioxide, and intimations in the American 
press suggest that such a process is a commercial operation there. The merits 
of sulphur trioxide are of course obvions in the avoidance of a waste acid 
problem and freedom from inorganic salts. 

The J.G. route was based principally on materials from the Fischer-Tropsch 
process. Two different techniques appear to have been employed, one in which 
a Kogasin fraction B.p. 220 to 280°C, iodine value 11, was used directly,“” and 
one in which the hydrogenated Kogasin, Mepasin, B.p. 230 to 320°, was first 
split into three fractions by distillation. In the former, the crude alkyl- 
benzene was sulphonated after removing benzene and paraffins, and in the 
latter the alkylbenzenes were distilled and the fractions combined before sul- 
phonation. Doubtless the latter procedure would give the better product but 
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would be more expensive. A recent patent emphasises the desirability of 
purifying at the various stages. 

While aromatic intermediates other than benzene can be used for these 
alkylaryl sulphonates, benzene is preferred though there is no clear statement 
as to whether this is on grounds of costs or preperties. The orientation of the 
sulphonic acid group in relation to the long chain alkyl group will, of course, 
depend on the original aromatic hydrocarbon used but no information is 
available on the effects which this may produce. 

The alkylaryl sulphonates under this classification are stable to acids and 
alkalis, have good foaming powers and find extensive outlets in industrial and 
domestic use, the latter particularly when compounded into powder forra for 
heavy duty detergency. 

(c) Miscellaneous products derived from paraffins. Instead of condensing 
the chlorinated paraffins with aromatic hydrocarbons as just described, phenols 
and phenol ethers may be used giving rise to products of the types 


OH OR’ 
SO,Na | SO,Na 
4 


and 


R R 


Products of this nature are reported" as fully effective detergents as their 
benzene analogues but they would be more expensive to produce. Condensation 
has also been effected with phenylacetic acid to give the alkylphenylacetic acids. 
Alternatively, the alkylbenzene can be reacted with acetyl chloride and the 
keto group oxidised to the carboxy acid. 

The chloroparaffins may be dehydrochlorinated to give another source of 
olefines or converted to other useful intermediates, e.g. by reaction with amines 
and glycols, though reactions of this nature involving alkaline conditions 
usually result in relatively poor yields of the desired derivative. Nitration of 
the higher paraffins and reduction of the products to amines has also been 
studied but so far without commercial success.‘ 

A recently discovered route to alkyl sulphuric esters which involves 


oxidising paraffins to hydroperoxides followed by reaction with sulphur dioxide: 
RH R—OOH ->+ R—O—SO,—-OH 


seems of potential interest. It is reminiscent of the Hostapon process (p. 118) 


though conditions and end products are different. 


2. Products derived from olefines. 
Olefines of wide variety are available from the petroleum industry and from 
synthetic sources such as the Fischer-Tropsch process. Briefly, they may be 
separated into two classes for use as detergent intermediates, namely the 
longer chain olefines of C,,—C,, obtained by cracking or distillation processes 
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or from the Fischer-Tropsch process and those built up by polymerisation of 
lower clefines such as propylene and isobutylene: both are of great technical 
importance. 

(a) Alkane sulphonates. Although several methods are available for 
making sulphonic acids from olefines, none has achieved technical importance. 
Olefines such as triisobutylene can add on hydrogen sulphide and the mercaptan 
oxidised. Alternatively, the olefine may be reacted with sulphur and the 
sulphide oxidised or it may be reacted with sulphur dichloride and the mustard 
gas analogue reacted with sodium sulphite. Vigorous sulphonating conditions 
can give rise to hydroxysulphonie acids: 


RCH = CHR’ -> RCH(OSO,H)CH(R’)SO,H + RCH(OH)CH(R’)SO,Na 


This latter technique was employed by the /.@. in sulphorating octadecene to 
obtain an emulsifying agent." In the case of olefines containing the grouping 
—CH=C(CH,)CH; sulphonation with sulphur trioxide-dioxan complex gives 
sulphonic acids of the type —CH=C(CH,)CH,SO,H.™® 

The addition of scdium bisulphite to unactivated double bonds does not 
proceed easily but recent work™!” with improved catalysts such as inorganic 
oxidising agents and peroxides with a tertiary alkyl group attached directly to 
the oxygen, together with more rigorously controlled reaction conditions, has 
shown greater promise. 

(b) Sulphated primary alcohols. The acute shortage of natural fats and 
oils in Germany during the last World War drove the Germans to develop 
other sources of alcohols for detergent purposes. Production via fatty acids 
from Fischer-Tropsch gatsch has already been mentioned. Of greater interest 
however is the so-called Oxo process. This reaction, first reported by Samira 
al.“18) and developed primarily by RorLen and co-workers of RuArchemie 
A.G., consists in reacting an olefine with carbon monoxide and hydrogen to 
give aldehydes which are reduced to alcohols, thus: 


2H 
RCH,—CH(R’)CHO -> RCH,--CH(R’)CH,OH 
J 
RCH = CHR’ + CO + 2H 
oH 
RCH(CHO)—CH,R’ RCH(CH,OH)—CH,R’ 


where R’ may be hydrogen or an alkyl residue. A description of the process as 
operated by the J.G. is given by HoLroyp et al.“ and a full account of the 
Oxo Geselleschaf?'s process by ef (cf. also ref. (96) ). The process 
is applicable to any olefinic material of suitable chain length for detergency 
(C,,—C,,) but was designed principally for Fischer-Tropsch gas oil fractions. 
Basically, the olefinic fraction containing about 3 per cent of the normal 
Fischer-Tropsch cobalt catalyst is reacted with carbon monoxide and hydrogen 
at 125 to 145°C and 200 atm until no further absorption takes place—about 
20 to 30 minutes. The pressure is released to allow the escape of carbon 
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monoxide which interferes with the hydrogenation step and the product is then 
reduced with hydrogen under substantially the same conditions as in the earlier 
stage. Yield of alcohols is about 80 per cent on olefines, by-products arising 
from the polymerisation of olefine and aldolisation of the aldehyde. The con- 
ditions of the carbonylation stage are varied somewhat according to the par- 
ticular olefine to be reacted. The reaction, according to the above equations, 
gives a mixture of isomeric primary alcohols and in the case of a A olefine 
this would be a mixture of the normal alcohol and the a-methyl isomer. In 
actual fact, however, the cobalt catalyst causes some migration of the double 
bond so that related branched chain primary alcohols of the same molecular 
weight but differing in extent of branching are also produced. The actual 
composition of the product will therefore be affected not only by the starting 
material used but also by the conditions of preparation. According to Hotm 
et al. {loc. cit.) mainly a-methyl and a-ethyl branching occur with A 
olefines under the conditions described by them. In the case of branched 
chain olefines addition of the aldehyde group takes place preferentially at the 
position giving rise to the least steric effects so that with diisobutylene, for 
example, substantially one individual product is produced: 


CH, CH, CH, CH, 
| co 
2h | 
CH, CH, 


The Oxo reaction has of course been extensively examined as a source of 
alcohols in general. For detergents, olefines of suitable chain length from the 
direct normal Fischer-Tropsch process, from modified Fischer-Tropsch pro- 
cesses, from the cracking of higher paraffins and from the polymerisation of 
lower olefines, etc., have been examined. Propylene polymers (C,—C,;) and 
tri- and tetra-isobutylene gave poorer conversion to alcohols. Properties will 
be discussed later. 

The use of material such as Fischer-Tropsch gas oil as starting material for 
the O.co process brings its own difficulties in that, being a mixture of olefines 
and paraffins of differing chain length and the clefines also varying in the 
position of the doubie bond, the resultant alcohol-paraffin mixture cannot be 
separated into its desired constituents by distillation. It was proposed, there- 
fore, to fractionate the oil into C,,—C,,, C\;—C,,, ete. fractions, to treat 
these separately, to isolate e.g. the C,,—C,, alcohols from the C,,—C,, 
paraffins by distillation and then to combine all the alcohols for sulphation. 
Other methods, such as treating with boric acid to convert the alcohols to 


boric esters and then separating, were also considered. 

Sulphated Oxo alcohols have been extensively studied in Germany and their 
properties are summarised by BranpNER ef al.) They were to have been the 
answer to the shortage of natural fats. Branched chain alcohol sulphates are 
more soluble than straight chain products containing an equal number of 


carbon atoms: detergent properties are the better the nearer the alcohol group 
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is to the end of the chain. «-Methylsteary] alcohol is reported to give a product 
as soluble as, and practically as good a detergent as, oleyl alcohol. For these 
reasons, it was preferred to use alcohols derived from A~ olefines such as 
were produced to a larger extent by wax-cracking than in the normal Fischer- . 
Tropsch synthesis. Some workers were of the opinion that the Oxo process was 
more valuable for the C,, to say the C,, olefines than for the higher olefines 
inasmuch as the additional carbon atom introduced brought them into the 
better chain length for detergency. In general, it would appear that Oxo 
alcohol sulphates can be produced equal in detergency to the straight chain 
alcohol sulphates but the branched chain structure results in softer products 
which might cause difficulty in bulk production of spray-dried powders. 

Repre"?” has discovered a new reaction analogous to the Oxo reaction 
involving reaction of an olefine with a metal carbonyl and water to give 
carboxylic acids: 


R—CH = CH, + Ni(CO), + H,O -- RCH(CH,)—CO,H + RCH,CH,CO,H 


These acids can then be reduced to alcohols. This procedure has been stated 
to give better alkyl sulphates than the Oxo process though it is not clear why 
there should be any difference unless perhaps there are differences in the 
amounts of the various isomers formed. 

(c) Sulphated secondary alcohols. Direct sulphation of olefines is by far 
the most important route to the secondary alcohol sulphates and has been 
intensively developed in Europe by the Shell organization and the Anglo- 
Iranian Oil Company. Tt was also under consideration by the Germans but 
does not appear to have found favour in the U.S.A. though it has also been 
studied there. Earlier work on this type was based on olefines obtained, for 
example by dehydration of alcohols, by the distillation of spermacetti giving 
cetene, or by chlorination of paraffins followed by dehydrochlorination. Tech- 
nical progress, however, awaited development of cheap sources of olefines by 
the petroleum or related industries. 

The sodium salts of the secondary alkyl sulphates derived from straight 
chain olefines in the C,,—C,, range with the double bond at or near the 
a-position are the simplest and possibly the cheapest detergents based on 
petroleum-type products. The cracking of paraffin wax or Fischer-Tropsch 
gatsch provides one source, the distillation of oil-bearing shale a second; the 
Synol process giving a mixture containing both alcohols and olefines, as well as 
the normal Fischer-Tropsch process provide alternative routes. Branched chain 
olefines in the C,,—C,, range from the polymerisation of lower olefines such 
as propylene and isobutylene do not sulphate satisfactcrily. The routes from 
paraffin wax and shale oil have been described by Bircn.”*”) Wax cracking 
can give rise to a feed-stock containing 60 to 70 per cent of olefines whereas 
the olefine content of the shale oil fractions is much lower at 25 to 30 per cent. 
According to Biren, the olefines are sulphated at 10 to 15°C using a molar 
ratio of acid to olefine of about 2:1, the critical operating conditions being 
efficient mixing and short contact time. The concentration of acid employed 
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ranges from 90 to 96 per cent depending on the feed-stock and the precise 
conditions of sulphation. A preferred shale oil feed-stock has B.p. 200 to 
300°C and is sulphated with 96 to 98 per cent acid at 20°C."* 

Difficulties arise in the isolation of the sulphated products due to the fact 
that not only are crude olefines used but also the su!phation gives rise to 
dialkyl sulphates: 


2R—CH = CH, + H,SO, > R—CH(CH,)—O—SO,—O—CH(CH,)R 


and olefine polymerisation products. It is customary to neutralise and hydro- 
lyse the dialkyl sulphates with caustic. The latter step would be expected to 
give the sodium alkyl sulphate and alcohol, but according to Bircu the reaction 
results also in the formation of olefine. When hydrolysis is complete the product 
is cooled and alcohol added to facilitate the removal of extraneous products 
which is effected with a suitable hydrocarbon solvent. In the case of shale oil 
olefines, acid sludge is removed by centrifuge before hydrolysis and purification. 

The J.G. developed a special technique for the continuous sulphation of 
olefines, the main feature of which lies in a reactor of novel design.“ This 
comprises a jacketed cylinder inside of which revolves another cylinder, the 
annular clearance being 1mm on the pilot plant scale where the external 
cylinder was 50 cm long vy 8 cm in diameter. The inner cylinder supported 
from the top is rotated at 120 r.p.m. The acid is fed in from the side and the 
olefine to the centre of the bottom of the outer cylinder. Cooling is effected 
with methyl chloride or brine in both the jacket of the outer cylinder and the 
inside of the inner cylinder. 

The raw materials of interest to the 7.G. were C,,—C,, olefines from cracked 
Fischer-Tropsch wax and suitable fractions from the Synol process. Sulphation 
is effected with a 15 per cent excess of acid to minimise as far as possible the 
formation of dialkyl sulphates. The feed is adjusted to give a contact time of 
less than 30 sec. The temperature is kept below 10° depending on the freezing 
point of the olefine mixture: as low as — 20° had been used. The strength of 
the acid is varied according to the quality of the olefines, 98 per cent acid being 
suitable for very pure olefines while fuming sulphuric acid of varied strength 
is used for less pure olefines and for the Synol olefine-aleohol mixtures. The 
sulphation mass is neutralised continuously with caustic and the working up 
procedure is substantially that described above. Under the conditions used it 
was estimated that about 20 per cent of the olefines were converted to dialkyl 


sulphates. 

A comparison of the procedure described by Brrcu with that of the J.G@. is 
interesting in that though they show many features in common the necessity 
of practical study to obtain optimum conditions in particular cases is clearly 
revealed, for example in the strength and quantity of acid used. 

The more recent patents in this field are concerned principally with 
improved techniques, products or economies. Thus, sulphation is done by 
feeding the reactants tangentially into a mixing nozzle which sprays the mix- 
ture in a finely divided form tangentially into a cooled annular chamber; a 
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shale oil f2ed-stock is subjected to a solvent refining process to obtain better 
colour and odour and by-products are utilised in various ways. An interesting 
account of the effect of conditions of sulphation using pure A~ olefines has 
been given by 

From the interesting work of DreceEr et al.“?® who have studied a series of * 
pure secondary alcohol sulphates it is seen that detergency, as is the case with 
the Oro alcohol sulphates, is the better the nearer the sulphate group is to the 
end of the chain and the greater the chain length within the range studied. 
Prcperties of the technically derived products will, of course, depend on the 
olefine feed-stock used and the purity achieved. The J.G. apparently preferred 
a C,,—C,, cut but economics will demand the use of as wide a fraction as is 
possible consistent with acceptable properties. The technical products have 
good detergent properties though they are better for wool than for cotton: 
their low cost is an attractive feature. Evaluation of a product from an olefine 
cut of average mol wt 221 (C,,;—C,,) by the J.G. showed it to be intermediate 
in properties between sodium lauryl sulphate and sodium oleyl sulphate. 
Difficulties have been experienced in producing sulphated olefine products in 
the form of free-flowing powders though this property too will depend to some 
extent on the olefines used: it can be overcome by grinding with non-caking 
diluents. There was some difference of opinion in Germany as to the relative 
merits of the Oxo alcohol process and direct sulphation of tke olefines as routes 
to detergents; the J.G. leaning was towards the latter whereas Ruhrchemie 
and Henkel thought that the better preperties given by the Oxo alcohol sul- 
phates justified the cost of the extra operations involved. The secondary 
alcohol sulphates are stable under alkaline conditions but are hydrolysed rather 
readily by acids. 

The lower aldehydes and ketones, which for convenience can be regarded as 
based on olefines from the natural or synthetic petroleum industry, can be used 
to synthesise higher secondary alcohols; these have a highly branched struc- 
ture. The usual aldol type condensation followed by reduction is employed, e.g.: 

C,H, C,H, 
—H,0 
CH—CHO -}- CH,COCH, CH—CH,CH,COCH, 
+H, 
C,H, C,H; 
C,H, C,H, 


CH—CH,—CH,COCH, + OHCCH 
C,H, 
CH, C,H, 


CH.CH,CH,CHOHCH,CH,CH 


| 
C,H, 


3 : 9-diethyltridecan-6-ol 


P 
: | 
C,H, 
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CH; C,H, 


4 
CH.CH,COCH, + OHCCH 


/ 
CH, 


C,H, ' 127) 


CHCH,CHOHCH,CH,CH 


C,H, 


CH, 


2-Methyl1-7-ethylundecan-4-ol 


Sulphated derivatives of such alcohols have been marketed in the U.S.A. 
under the names TJergilols 4 and 7 but their technical interest is primarily on 
account of their good wetting properties. Sulphation of secondary (and ter- 
tiary) alcohols is more difficult to effect satisfactorily than the sulphation of 
primary alcohols owing to their tendency to form olefines by dehydration and 


modified sulphation conditions are preferred.“2®) 

(d) Alkylaryl sulphonates. Alkylaryl sulphonates derived from chlorinated 
alkanes have already been described. Such a route fits well into the organic 
chemical industry but the alternative route in which the alkyl group is derived 
from an olefine is more suited to the petroleum industry and, although appar- 
ently first used in Germany by the /.G., it has been extensively developed in 
the U.S.A., especially by Standard Oil, and is now of major importance as a 


source of synthetic detergents. 
While a wide variety of olefines can be obtained and used, e.g. those from 
the cracking of paraffin wax or Fischer-Tropsch type processes, technical 


interest, presumably on grounds of ready availability and economics, has 
centred on polymers of C,,—C,, chain length from the lower olefines. Polymers 
containing tertiary carbon atoms derived for example from isobutylene are, 
however, not suitable for the alkylation of the simple aromatic hydrocarbons 


such as benzene as depolymerisation occurs under these conditions giving rise 


to lower moleculai weight alkylbenzenes which are unsuitable as detergent 
intermediates. A correlation between the tendency for polymer dispropor- 
tionation and infra-red spectra has been noted.‘ Propylene polymers, and 
particularly the tetramer, are the preferred olefines. The propylene, which 
should be as free as possible from butylenes, is polymerised using e.g. a phos- 
phoric acid catalyst in a silver-lined reactor at 180 to 200°C and 40 to 60 atm 
and the required polymer fraction separated by distillation.“® It is best to use 


as close a fraction as possible. The precise structure of the tetramer has not 
yet been described, but clearly it will be a highly branched alkene and pre- 
sumably dependent on conditions of polymerisation. Polymers of the structure 
RCH=CHR’ rather than RC(R’)==CH, have been preferred and conditions for 
producing such, described."'%. Other processes for preferred olefine polymers 
and procedures for cleaning up the olefines before use, etc., are described,“8” 
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Olefine-cyclopentadiene adducts of the type (CH)_cuye can be used as 


alkylating agents.) 

Of the aromatic hydrocarbons used, benzene is the most generally accepted, 
though toluene and naphthalene—the latter with a C, alkyl residue—are also 
employed. Various products of this type are available and advice on sulphona- 
tion can frequently be ebtained from the suppliers. . 

Catalysts employed for the alkylation are of the type normally used in such 
reactions. Hydrofluoric acid seems to be preferred for alkylating benzene 
which is less reactive than toluene or naphthalene though aluminium chloride 
or sulphuric acid can be employed and are apparently quite satisfactory in the 
case of toluene or naphthalene. After separation of condensing agent, especially 
easily effected in the case of hydrofluoric acid which is recovered for re-use, the 
alkylate is distilled to remove unreacted materials and any lower alkylbenzenes 
formed, and the desired fraction collected. Where hydrofluoric acid is employed 
traces of combined fluorine are eliminated, e.g. by heating with bauxite at 
100°C. Sulphonation is carried out by the methods already described but as 
there is some tendency for de-alkylation to occur conditions must be chosen 
with care and the malodorous by-products extracted with a suitable solvent if 
need be. 

Details of the J.@. process have heen given.“*9 They, however, were obliged 
to use a rather wide polymer fraction and detergent properties were therefore 
not as good as can be obtained: products from benzene and toluene are stated 
to be similar to one another in detergency. 

The alkylbenzene sulphonates from olefines are similar in general properties 
to those from the chlorinated alkanes and find extensive outlets as general 
purpose synthetic detergents. Properties will again be dependent on the 
olefines used as well as on processing conditions. Products of the type 


Me—CH—R 


where R is straight chain (derived from A- olefines) of 8 to 11 carbon atoms 


are stated to have outstanding detergency"*” but obviously the theoretical 
structural variations possible in alkylaromatics as a whole are enormous and 
the approach has been technological rather than academic. 

(e) Substituted alkylaryl derivatives. Olefines of the types already des- 
cribed can be reacted readily with some substituted aromatic hydrocarbons 
and especially so with phenols and phenol ethers. With phenols the ease of 
alkylation permits the use of tertiary carbon olefines such as diisobutylene 
which cannot be used with benzene so that a still greater range of detergent 
intermediates can be obtained. These have been widely examined but their 
main use has been for making non-ionic types. 
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where R is at least 8 carbon atoms may be taken as a general example. Such 
phenols may be sulphonated directly giving effective detergents if R is at least 
12 to 14 carbon atoms. 

Tke alkylphenols can be reacted with chloracetic acid to give the alkyl- 
phenoxyacetie acids which have some detergent properties in themselves or 
the phenoxyacetic acids may be used as intermediates in the wide variety of 
ways which have been described for the fatty acids giving e.g. analogues 
of Igepon A, Igepon T and Medialan A. They can be etherified with alkyl 
groups (or the phenol ethers may be alkylated) and sulphonated. One pro- 
cedure which has proved of commercial value is to make the polyethencxy ether 


—0~(C,H,0),H 


by reaction with ethylene oxide and sulphate the terminal hydroxyl group. 
This can be done by the normal procedures used for sulphating fatty alcohols 
though the J.G. used sulphamic acid available to them as a by-product: 


A phenol of the type 


~O—(C,H,0),H + NH,SO,H —> 


R< 0—(C,H,0),S0,-, 


the ammonium salt being subsequently converted to sodium salt. According to 
the J.G., such products have the merits over the straight polyethenoxy products 
(discussed later) of economising in the more expensive ethylene oxide, cne 
sulphate group being roughly equivalent in solubilising power to four ethenoxy 


groups, of producing better foaming power and of not having the negative 
temperature-solubility coefficient characteristic of the polyethenoxy deter- 
gents. They have, however, the demerits of acid instability and substantivity 
to protein fibres. The preferred J.G. detergent for cotton and general household 
purposes was of this type where the phenol residue carries two Cs—C, groups 
and n is 4 (Alipal D). Products where R = C,, and n = 3 (Alipal C1) and from 
a dodecyleresol where n = 6 (Igepal B) were also produced. These sulphated 
products cannot easily be spray dried to powder forms and are marketed as 
aqueous solutions. Similar products have appeared in the U.S. market, e.g. 
Triton W 30. 

Sulphonie acid groups can be introduced into the molecule indirectly, e.g.: 


RK OH CIC,H,OC,H,Cl RE > > 


R 4 


; 
: 
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and some commercial products, e.g. Triton 720, belong to this class. The I.@. 
were interested in a rather more complicated procedure which involves making 
the allyl ether, rearranging to the C-allyl phenol and svlphonating in the 
presence of acetic anhydride: 


| 


CH,—CH=CH, CH,—CH—CH,0COCH, 
| 
SO,Na 


High temperatures during neutralising or drying cause hydrolysis of the acetyl 
groups though the effect of this was not known." 

The intermediate allyl ethers can be sulphated and products of the same 
structure obtained by condensing the alkylphenol with chloroacetone, reducing 
the keto group to hydroxy] and sulphating :“ 


| 


The alkylphenols can also be reduced to alkylcylohexanols giving further 
alternatives to the fatty alcohols as detergent intermediates for sulphation ete. 
Though potentially quite attractive economically this route does not appear to 
have been exploited commercially. The Kolbe reaction gives alkylsalicylie 
acids which are surface active. 

Sulphonic acid groups can be introduced into the side chains e.g. by reacting 
the alkylaromatic with an alkene sulphonic acid and by means of the Reed 
reaction. Two alkylaryl grcups may be linked together by means of an alde- 
hydosulphoniec acid. Alkylaryl sulphonic acids have been converted to their 
sulphon chlorides and reacted with e.g. sulphanilic acid giving 


SO,Na0 


(f) Miscellaneous products derived from olefines. An unusual type of deter- 
gent which may be compared in structure with the alkane sulphonates can be 
obtained by reacting an olefine with nitrosyl chloride followed by a mixture of 
sodium sulphite and bisulphite. The chloro group of the intermediate nitroso- 
alkyl chloride: 


| | 
—C(NO)—C(Cl)— 
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is converted to sulphonate but the nitroso group may give rise to keto, amino 
and sulphamic acid groups so that the final product is a complex mixture.“4® 
A product of this type has been marketed in the U.S.A. as Nytron as a general 
purpose detergent; it is recommended for cleaning surfaces contaminated with 
radioactive materials. 

The olefines can also be converted to glycols for sulphation, to chlorhydrins 
for reaction with sodium sulphite, condensed with phenylacetic acid to give the 
alkylphenylacetic acid or with maleic anhydride to give alkenylsuccinic acids 
which in turn can be converted to soluble amide, ete., derivatives. The Reed 
reaction has been applied to olefines.“*® Mercaptans from the olefines can be 
reacted with diazonium salts" giving, e.g.: 


Amines can be produced via the lower aldehydes and ketones, e.g-: 


—-HO NH, 
2CH,CH,CH,.CHO ——> CH,CH,CH,CH,CH—CHO ——> 
+H, H, 


CH,CH,CH,CH,CH—CH,NH, 
C,H, 


and these can be used in a manner analogous to the fatty amines giving e.g. 
the sulphate of the malic bis-amide: 
141) 
C,H,‘ 


\ 
C,H, 


C,H, 
CH,—CO—NH—CH,CH 
C,H, 


Aldehydes of suitable chain length obtainable via the Oxo process are also of 
interest e.g. by reacting with an aromatic amine, reducing and sulphonating 


RCHO -> RCH=N—K RCH,NH—K 


C. Miscellaneous anionic solubilising groups 


Although sulphonic acid and sulphuric ester groups are the principal means of 
solubilising the hydrophobic portion of the detergent molecule, with carboxylic 
acid groups coming a poor third, still other groups have been employed. 


131 


5 
+ 
: 


Synthetic Detergents 


Intermediates carrying alcoholic and olefinic groups can be converted to 
persulphates by means of persulphurio acid: 


ROH + H,S,0, 


Such products are stated to possess bleaching as well as detergent properties.- 
Thiosulphates in considerable variety have been prepared by reacting halo- 
geno compounds such as n-alkyl halides, chloracetyl and chlormethyl deriva- 


tives with thiosulphate: 
ROCH,CI + Na,S,0, -- ROCH,—S—O—SO,Na™ 


or sulphating mercaptans with sulphur trioxide complexes.“ Hydrosulphite 
derivatives have been made by reacting the halogeno compounds with sedium 
hydrosulphite, Na,S,O,. 

Long chain sulphonamides can be used but only under very alkaline con- 
ditions while the more acidic N-acy] and N-sulphonyl derivatives such as 


RSO,NHCOPh, PhSO,NHCOR and 


are soluble in sodium carbonate. The related sulphony] ureas, RSO,NH CONH,, 
made by reaction of the sulphonamide with sodium cyanate are also soluble 
in weak alkalies and excellent detergency is reported to be given when R is 
cety],047) 

Considerable attention has been given to acid esters of the phosphorus acids 
which may be considered analogous to the sulphated alcohols, but these tend 
to be of indefinite constitution and of little practical interest because of the 
low solubility of the calcium salts. 

Phosphoniec acid derivatives in which there is a direct carbon-phosphorus 
bond and thus analogous to the sulphonic acids, can be obtained by such 


reactions as: 


Alc], H,0 
R< » + PCI, R< > —PO(OH),® 


Alcl, H,0 
RCH,R’ + PC], —--- R(R’)CHPCI, 


R O 


R 
| “Ov. H,0 | | 
CH,CO,H | | 


R’ R’ O R’ 


An interesting reaction akin to the Reed reaction has been described in which 
a paraffin is treated with phosphorus trichloride and oxygen to give the phos- 
phony] dichloride, RPOCI,,“°" but the alkane phosphonates do not appear to 


have merited technical development. 
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III. Cationic AGENTS 


Although of great technical importance as textile auxiliary products, bacteri- 
cides, etc., the surface-active cationic agents are of little practical interest as 
detergents though detergent properties are claimed in many cases and they are 
sometimes known as “invert soaps.” The reasons for this are probably associ- 
ated with (a) relatively greater cost as compared with the common anionic 
and non-ionic types, (6) their high affinity for most solid surfaces, e.g. protein 
fibres and glass, which will reduce their efficiency and (c) their tendency to be 
oriented on such surfaces so that the hydrophobic portion of the molecule is 
turned towards the aqueous phase, thereby tending to reduce detergent 
efficiency and making the surfaces more difficult to wet. As an example, their 
use to give dispersions and emulsions substantive to wool clearly suggests that 
they would not be efficient detergents for wool. Only a brief outline of the 
cationic agents will therefore be given: greater details can be obtained from 


other sources,"), 
Amine salts and quaternary ammonium salts are the main representatives 
of the cationic class and are treated separately: others are dealt with under a 


third heading. 


A. Amine salts 


Salts of primary, secondary, and tertiary amines carrying a fatty chain can be 
used as scouring agents. The ingenuity shown in coupling the hydrophobic 


group to solubilising anionic groups has also been applied to means of attaching 


hydrophobic groups to basic groups, e.g. by means of ester and amide linkages 


such as: 


R.CO,H + Me,NC,H,OH 


R.CO,C,H,NMe, 


acid 
R.CO,H + NH,C,H,OH — R.CO.NH.C,H,OH R.CO,C,H,NH, 


R.CO,H + NH,C,H,NMe, > R.CO.NH.C,H,NMe, 


Likewise, aromatic and heterocyclic amine derivatives have been prepared 
and products based on both fatty acids and petroleum-type intermediates by 


the numerous devices available to the organic chemist, e.g.: 


+ CH,O + NHMe, 


CH,NMe, 


| | 
NO, NH, 


In general, however, bases which have to be used as salts of acids could have 
only a very limited outlet as detergents apart from the disadvantages already 
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noted. It is of interest, nevertheless, to record that iminazoline derivatives of 


the type: 
N—CH, 


4 


where R is a long fatty chain and R’ a short alkyl chain such as hydroxyethyl” 
are marketed in the U.S.A. (Alro Amines and Amine 220) and stated to have 
detergent properties. 
B. Quaternary ammonium salts 
These constitute a large class of surface-active agents of technical importance 
but though they have some stability under alkaline conditions depending on 
the particular substance under consideration, the general factors already 
described make them of little practical interest for detergency as such. 
The earlier work was based on fatty derivatives, e.g.: 


+ 
R.OH — R.Br RNMe,,Br-“®) 


+ 
R.CO,H -> R.CO.NH.C,H,NEt, > R.CO.NH.C,H,N(Me)Et,, Me.S0,-05 


and has been extended in the same way as with the anionic types using a 
variety of linkages and other means of introducing quaternary ammonium 
groups. Petroleum-type intermediates have also been examined extensively, 
e.g.: 
~CH,NMe,, Me.SO,-,55) 


R 
+ 
R’- >-CH,NMe,, 


where R is the octyl group from di-isobutylene and R’ may be from an olefine 
such as propylene tetramer. 

Quaternary ammonium hydroxides such as that from the reaction of ethylene 
oxide with dimethyloctadecylamine, namely dimethyloctadecyl-f-hydroxy- 
ethylammonium hydroxide, is stated to be an effective detergent:"™ it would, 
of course, be strongly alkaline. 


C. Other cationic types 


The search has also extended over the broad field of other solubilising basie 
groups such as amine oxides, imino ethers, amidines, guanidines, biguanides, 
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ternary sulphonium compounds and so on. Again, technical interest as deter- 
gents is negligible though such properties are frequently described in the 
patent literature. For example, the thetine chloride: 


+ 
C,,H,,S(Me)CH,CO,H, 


from methyl! dodecyl sulphide and chloroacetic acid is stated to be equivalent 
in detergent power to the sulphated fatty alcohols under acid, neutral and 
alkaline conditions. Under alkaline conditions the thetine is presumably 
formed: this could be regarded as akin to the betaines and so non-ionic. 


IV. Non-tontc DETERGENTS 


Although the products which have been described all contain strongly hydrated 
ions, ionisation is not a necessary feature for detergency, the general require- 
ment being a sufficient degree of hydration to solubilise the hydrophobic part 
of the detergent molecule. Non-ionising polar groups such as —O—, —OH, 
—CONH— and —COO— hydrate and if a sufficiency of these can be intro- 
duced, water-solubility will be obtained. From a practical point of view, the 
introduction of a plurality of ether groups by means of ethylene oxide"™ is by 
far the most easily effected and has achieved considerable industrial importance 
in Europe and America. It is perhaps of interest to relate that the initial 
development: of the so-called polyethenoxy products arose from the fact that 
after the 1914-18 War the Germans were not allowed to make thiodiglycol 
which is an intermediate for mustard gas but which was also required as a 
printing assistant, and they therefore directed their attention to the oxygen 
analogue, diglycol, and hence to ethylene oxide reactions in general. 

The non-ionic detergents are dealt with under the headings “polyethenoxy 
derivatives” ard “miscellaneous non-ionic types.” 


A. Polyethenoxy derivatives 


Ethylene oxide, CH,—CH,, is obtained from ethylene either via the chlorhydrin 
or by direct oxidation, both methods being employed in the U.S.A. It presents 
definite hazards in use and should be handled with due precautions. It is 
exceedingly reactive and in general it reacts with compounds containing a 
reactive hydrogen to give products containing the polyethenoxy grouping 


—(C,H,0),H 


where n can be varied at will. It should be borne in mind, however, that n is 
not usually a single integer. Thus, in reacting ethylene oxide with water in 
molar proportions, not only ethylene glycol but also diethylene glycol and 
higher polyethylene glycols are formed. Similarly with alcohols, polyglycol 
mono-ethers are produced in addition to glycol mono-ethers. In the case how- 
ever of more acidic starting materials such as phenol the mono hydroxyethyl 
ether is reported to be the principal product formed with molar quantities of 
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reactants but further reaction with ethylene oxide results in a mixture of 
polyglycol phenyl ethers in which the proportions of the individual chemical 
entities follow a Poisson type distribution curve. Thus in the reaction of 
phenol with 3-43 mols ethylene oxide with caustic soda as catalyst, the following 
distribution where n is the number of ethenoxy groups has been reported by 
MILLER ef 


n = 1 2 3 4 >4 
Found = 47% 178% 27:1% 27:1% 
cale. 49% 240% 23:2% 


Similar results have been reported by Mayuew and Hyatr“®® who fractionated 
condensates of a nonylphenol with 6 and 9 mols ethylene oxide. These authors 
also show that there is little difference in detergency between the isolated 
fractions and unfractionated material of the same average ethenoxy chain 
length. Results reported"® to have been obtained by the /.G@. with a series of 
dodecanol derivatives, however, show that a higher ethenoxy chain length is 
required for maximum detergent efficiency with a pure polyglycol ether than 
with the total mixed condensate though there is little difference between these 
optimum values. In this connection it is of interest to note that more efficient 
emulsifying agents are obtained by using fractions of selected ethenoxy chain 
length from fatty alcohol condensates. 

The distribution of the ethylene oxide over various chain lengths is explained 
on the grounds that the ion first formed, R—O™, reacts with ethylene oxide to 
give the ethenoxy ion, R—O—C,H,—O~. In the case of a phenol, proton 
transfer will obviously occur preferentially to give phenoxide ions so long as 
unreacted phenol remains but where alcoholic residues are involved the charge 
will be redistributed amongst them. 

The versatility of ethylene oxide reactions and the fact that the molar ratio 
of ethylene oxide to raw materials can be varied at will can give rise to an 
infinity of products. In practice, however, the ratio is selected so as to balance 
the hydrophobic and hydrophilic characteristics according to the end use of 
the product. Reaction with ethylene oxide therefore offers advantages over 
other methods of solubilisation sach as sulphation or sulphonation and can be 
used for example to obtain detergents from a C, alkylphenol where sulphona- 
tion results in too great an increase in hydrophilic properties. The range of 
raw materials which can be used for detergents is thereby greatly increased. 
For convenience the polyethenoxy products are sub-divided as follows: 


1. Derivatives of acids. 


bo 


. Derivatives of alcohols. 
3. Derivatives of amides. 
4. Derivatives of amines. 
5. Derivatives of mercaptans. 
6. Derivatives of phenols. 
7. Miscellaneous polyethenoxy products, 
Properties of polyethenoxy products. 
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1. Derivatives of fatty acids 
These are esters of the general fortaula 
R.COO—({C,H,O—),H 


Fatty acids from animal, vegetable and synthetic sources can be used depending 
on availability and economics. The polyethenoxy esters can be made by re- 
acting 2 suitable polyethylene glycol with the fatty acid under normal esterifica- 
tion conditions: this process is stated to give some polyglycol diester, as might 
be expected. Polyglycols of various average molecular weights are available, 
particularly in the U.S.A., and this route can therefore be expected to appeal 
to the smaller manufacturer. Alternatively, the fatty acids can be reacted 
directly with ethylene oxide the normal method being to pass in the ethylene 
oxide at 2 to 3 atm pressure while maintaining the temperature at 150 to 180°C 
in the presence of an alkaline catalyst. Details of the 7.G. procedures for their 
wide range of polyethenoxy products have been given.) ) Nothing has 
been published on the chemistry of this reaction with fatty acids but work 
with acetic acid suggests that some di-esters might be formed:"* further, 
conditions are such that ester interchange reactions vould be expected to occur 
giving a mixture of various polyglycol esters. Products made by the two routes 
are stated" to be essentially similar in properties. About 10 to 15 mols ethylene 
oxide are required to bring the C,,—C,, acids into the detergent range of sur- 
face activity. Curiously, the /.G. did not produce any synthetie detergents of 
this type but several, e.g. the Ethofats, are marketed in America. This difference 
between the two countries possibly arises from differences in compounding and 
methods of evaluation. 


2. Derivatives of alcohols 
These are ethers of the general formula 
R -O—(C,H,O—),H 


Again, the wide range of primary and secondary alcohols from natural and 
synthetic sources already described can be used. Leonil O, a condensate of 
cetyl alcohol with 15 mol ethylene oxide was advocated by the /.G. as a deter- 
gent for wool, a feature being that it is not substantive to wool and hence 
effective at lower concentrations than the anionic types which are substantive. 
Products of similar character have been made from C,,—C,, alcohols dezived 
from paraffin oxidation acids using the optimum amount of ethylene oxide as 
determined by experiment to give the required properties.“* It should be 
noted here that the sulphates of such alcohols would probably be of little 
interest on account of poor solubility. An American product, Brij-35, is said 
to be derived from coconut oil alcohols. 


3. Derivatives of amides 
The chemistry of the reaction with acid amides has not been clarified. Theoreti- 


ally, the following may occur: 


> 
4 
10 
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R.CO.NH, + C,H,0 -> R.CO.NH.C,H,OH 
R.CO.NH.C,H,0.C,H,OH 


(I) 


7 
R.CO.NH.C,H,OH + 
\ 


R.CO.N(C,H,OH), (II) 


(I) and (IT) can then give rise to a further variety of products depending on 
which active hydrogen reacts and in all probability a complex mixture of 
products results. Products of this type have been marketed in the U.S.A. 
(Ethomids) and reported to be good detergents though here too, the J.@. did 
not make detergents of this character. 


4. Derivatives of amines 
Aiines, like the amides, can in theory give rise to a wide variety of products 
but as diethanolamine derivatives are known to be produced in this manner 
from amines of low molecular weight it seems reasonable to expect that the 
polyethenoxy derivatives will be of the type 


(C,H,O—),H 


(C,H,O—),H 


Fatty amine derivatives of this nature are available in the U.S.A. as Ethomeens: 
they are of course cationic in character under acid conditions. 


5. Derivatives of mercaptans 


These are thio-ethers of the general type R—S—(C,H,O—),H. 
The most economic source of mercaptans is by addition of H,S to olefines 
such as triisobutylene to give 


CH, 


CH, Ch, 


CH,—C—CH,—C—CH,—C—SH 


| | 
CH, CH, du, 


which with 12 to 15 mols ethylene oxide gives detergents especially free from 
foaming."®) Nonic 2)8, made in the U.S.A., is of this type. 


6. Derivatives of phenols 


These are of the type RK >-0-(C,H,0 —)nH where the aromatic ring 


may carry other groups. 

Alkyl phenols being available from cheap raw materials and their poly- 
ethenoxy derivatives being free from the hydrolytic defects inherent in the 
fatty acid derivatives, such condensates are probably the most widely used 
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non-ionic detergents. The alkyl groups may vary according to raw material 
availability and economics from such as two C,—C, residues to one C,—C,, 
residue. The alkyl groups may be introduced by normal academic methods 
e.g. by alkylating with alcohols or alkyl chlorides or by reduction of the cor- 
responding ketones but the usual technical route is by alkylation with olefines. 
The J.G. used mainly diisobutylene, a C,<—C, olefine mixture obtained by de- 
hydrating by-product C,—C, alcohols from methanol synthesis, a dimer of this 
mixture, and propylene tetramer. The phenol may be phenol itself, the various 
cresols or mixtures of these, xylenols or naphthols. When introducing two alkyl 
groups the J.G. preferred to use phenol itself. More complex phenols such as 
alkylphenol-formaldehyde condensates have been used.®) 

The preparation of the alkyl phenols is carried out by normal methods of 
reacting the phenol and olefine in the presence of a suitable catalyst such as 
sulphuric acid. The J.G. used boron trifluoride except for alkyl naphthols 
where aluminium chloride was used in order to obtain the alkyl groups in the 
ring adjacent to that carrying the hydroxyl group, products of this structure 
(II) being said to be more effective than where the alkyl and hydroxy groups 
are in the same ring (I). 


(If) 


Condensation with ethylene oxide is effected in the normal manner and the 
amount introduced determined by the properties desired. By so regulating the 
amount of ethylene oxide, products having essentially the same detergent pro- 
perties can be obtained from different intermediates and they can be specially 
designed to meet specific uses. Thus, the 7.@. considered Leonil C (oleyl or 
cetyl aleohol—15 mol ethylene oxide), Leonil FFO (C,—C, alkylnaphthol— 
& mol ethylene oxide), Emulphor STS (a C,—©; dialkyJated phenol—7-5 mol 
ethylene oxide) and Jgepal W (a tert. octyl phenol—6 mol ethylene oxide) 
substantially equivalent for wool detergency and they produced a dodecyl 
cresol—12 mol condensate for cotton detergency (Jgepal C which could also be 
a tert. octylphenol—10 mol condensate) and a 10 mol condensate (Igepal F) 
for washing feathers. Similarly, products equivalent to the above can be 
obtained by condensing dodecyl “brenzoel” (a mixture of methyl, polymethyl 
and ethyl] catechols from brown coal tar) with the requisite amount of ethylene 
oxide, 11 mol for a wool detergent (Ue 7/08) and higher (12 to 15 mol) for 
cotton. 

Continuous processes for making these ethylene oxide condensates have been 
described.%), (206) 

Products of this tyne are also produced in the U.S.A. (e.g. Triton NE, 
Antarox 200) and in England (Zissapol N). 
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7. Miscellaneous polyethenory products 


Just as ethylene oxide reacts with amides so also does it react with sulphona- 
mides and here the Reed reaction is especially attractive as a source of raw 


materials. 


(C,H,O—),H 
R.H R.SO,Cl R.SO,NH, R.SO,N 
(C,H,O—),H 


Such products have been examined in Germany and where R = C,, and 
x+y = 5a moderately good detergent is obtained, but it is slightly inferior 
to Igepals C and W. 

More recently a novel type of product (the Pluronics) has been marketed in 
the U.S.A. by the Wyandotte Chemical Co. in which the hydrophobic part of 
the molecule is built up with propenoxy residues. These are obtained“ by 
reacting 1 : 2-propylene oxide with a limited amount of water or with 1: 2- 
propylene glycol in the presence of caustic soda as catalyst. The lower poly- 
propy!ene glycols are soluble in water but insoluble when the molecular weight 
is above about 900. These latter are used as the hydrophobic portion and 
solubility conferred by reaction with ethylene oxide to give products of the type 

The precise structure of the propenoxy chain is not given but judging from other 
reactions" of this material with hydroxyl groups it will presumably contain 


CH, CH, 


| 
—CH—CH,—0—CH,—CH—, —CH,—CH—O0—CH—CH,— and 
| | 
CH, CH, 
CH, CH, 


| | 
—CH,—CH—O—CH,—_CH— 


linkages. The quantity of ethylene oxide required depends on the molecular 
weight of the propenoxy base but is usually adequate at around 40 per cent by 
weight of the total condensate. Such products are liquid but by selection of 
the base and adding up to 70 per cent of ethylene oxide in the final product 
detergents which are sufficiently hard to be flaked can be obtained. The pos- 
sibilities of wide variations in both groups permit products to be made to any 
desired design. 

Fatty acyl hydrazides, glucosides, disulphimides, urethanes, aldehydes, 
ketones, nitriles, iminazolines are amongst the other types of intermediates 
suggested for reaction with ethylene oxide but in some cases the chemistry of 
the reaction occurring is obscure. In addition, of course, many of the types of 
intermediates used for anionic agents where the hydrophobic portion of the 
molecule is joined by some linkage such as ester, amide, ether, ete., to a residue 
carrying a reactive group such as hydroxyl, carboxy, amino, ete., can be used. 
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8. Properties of the polyethenoxy detergents 


With the exception of the harder Pluronic type described above, the poly- 
ethenoxy products vary in physical properties from viscous liquids to soft 
waxes. They therefore do not lend themselves easily to formulation into 
powder forms but several ways of doing this have been described“ and 
powder products are marketed, e.g. All, in the U.S.A. They are also marketed 
as 100 per cent agents or as aqueous solutions for general use in the household 
and in industry. Their relatively poor foaming power is a psychological defect 
for domestic use where the housewife has been for so long accustomed, and 
further conditioned by advertising, to associate cleansing with sudsing but 
this property is being exploited for use where foam can be a nuisance as in 
mechanical washing operations. The polyethenoxy chain is stable to alkalies 
and the common acids and relatively unaffected by electrolytes: weaknesses 
in particular types may exist in the linkage between the hydrophobic and 
hydrophilic residues as in the case of the anionic types, for example with ester- 
linkages. The characteristic property of decreasing solubility in water with 
increase of temperature has already been mentioned and is related to the 
number of ethenoxy groups present, the greater the number the higher the 
temperature at which this happens. Hydration presumably occurs by hydrogen 
bonding of water molecules to the ether oxygen atoms and such a weak bond 
would hardly be expected to have much thermal stability. They also form 
complexes with high-molecular polybasic acids, e.g. phosphotunystomolybdie 


acid and syntans and also with calcium chloride. 


B. Miscellaneous non-ronic types 
Closely related to the polyethenoxy products are those which can be obtained 


by reacting fatty acids and alcohols with 1 : 3-dioxolane 


CH,—O 
CH, 


CH,—O” 


or with its precursors ethylene glycol and formaldehyde giving products of the 


type 


which on account of their aceta! linkage would be expected to be unstable 
under mildly acid conditions. 
O 

Glycide, CH,OH.CH—CH,, can be used in piace of ethylene oxide and poly- 
ylveide"™) or polyglycerols in place of polyglycols to produce detergents. 
Likewise, hydroxy ethers of polyhydric alcohcls, e.g. sorbitol hexahydroxyethyl 
ether, can be partially esterified with fatty acids to give detergents.“ 
The reducing sugars have also been reacted with appropriate mtermediates 


141 


a 

J 


Synthetic Detergents 


to confer solubility, e.g. lauroylhydrazide with glucose.“”® Chloroalkylgluco- 
sides have been converted to ester and amino derivatives.“7” 

Solubility can be introduced by a plurality of amide and hydroxy groups, 
for example by acylating B-hydroxyethylaminoacetamidoethanol with a fatty 
acid to give ; 
CH,CH,OH"”®) 


CH,CONH.C,H,OH 


A much simpler procedure®™ is to react the fatty acid with 2 mol of di- 
ethanolamine at 150 to 170°C until free fatty acid is 5 per cent or less and an 
interesting account of this is given by Scuwartz and Perry.) The chemistry 
of the process has not been explained. Water is eliminated but both esterification 
and acylation reactions can occur. The product does not behave as a cationic 
detergent which suggests that the simple ester R.COO.C,H,NH.C,H,OH is not 
formed but the formation of products containing both ester and amide group- 
ings cannot be excluded. Pure diethanolamine can be distilled out of the 
product but the residue has inferior properties which can be restored not by 
mixing alone but by re-heating the components together at 120 to 140°C. This 
transformation occurs with no loss of water or change in weight. It is suggested 
that some physico-chemical change occurs and that the molecules are combined 
into oriented groupings or micelles which maintain their identity in dilute 
solution but there is an obvious need for a thorough investigation of the whole 
problem. Products of this type are marketed in the U.S.A., e.g. the Ninols, 
Alrosols, ete., for laundering textiles and for shampoos. Amines other than 
diethanolamine, e.g. trimethylolaminomethane (I) and diglycerylamine (II) can 


be used: 
NH,C(CH,OH) NH(CH,.CHOH.CH,OH) 
2 3 2 2 2 
(I) (II) 


Products from the latter are conveniently made via the corresponding ketals 
which are subsequently decomposed by hydrolysis:"® presumably substances 
of more clearly defined constitution will be obtained in this way. 

Betaines, inasmuch as they are electrically neutral, are classified by MoILLIeT 
and Cotiie™ as non-ionic agents though these authors stress that their ampho- 
teric character should not be overlooked. They are available by the classical 


methods from long chain acids, halides, ete., e.g.: 


+ 


+ 
ROCH,Cl + Me,NCH,CO,H — 


R.NH, -> R.NMe, -> R.N(Me,)CH,CO,-"8 
C,,H,,NMe, + CICH,CHOHCH,SO,Na > 
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Many variations on this theme have been made, but although some of the 
products are good detergents under acid, neutral and alkaliae conditions, they 
have not been developed technically for this purpose presumably on grounds 
of cost. 


V. Raw MATERIALS 


Intermediates other than the natural fatty esters, paraffins and olefines have 
been examined extensively for detergent outlets, anionic, non-ionic and cationic 
types coming into consideration. The naphthenic acids available as by-products 
from petroleum refining are frequently mentioned as alternatives to fatty acids 
and the derived alcohols as alternatives to the fatty alcohols in the reactions 
described for these products. The odour associated with them has probably 
been a deterrent to technical development. Likewise rosin acids and tall oil 
acids from the resin and wood pulp industries are of interest: ethylene oxide 
condensates of tall oil acids are marketed (e.g. Steroxr CD and Renezx) in the 
U.S.A. as non-ionic detergents. They are of ccurse complex mixtures whose 
composition will depend on methods of production. The abietic acid of rosin 
has the probable structure: 


CH, CO,H 


CH, 


CH, 


i.e. a dimethylisopropyldecahydrophenanthrene derivative. Tall oil acids con- 
tain in addition to rosin acids 2 variety of fatty acids and other products. 
Hydrogenated derivatives of abietic acid such as hydroabietic acid and per- 
hydroabietyl] alcohol are mentioned as alternatives to the fatty acids and fatty 
alcohols for producing anionic and non-ionic detergents. A condensate of hydro- 
abietyl alcohols with 15 mols ethylene oxide is stated to be an effective deter- 
gent, production of which was under consideration in Germany. 

The oil from the cashew-nut shell can provide a mixture of unsaturated long- 
chain phenols known as cardanol®* which can be use as such or reduced to 
tetrahydroanacardol (m-pentadecylphenol). These can be employed" as 
intermediates for Getergents in lieu of the synthetic alkyl phenols already 
described, e.g. they may be sulphonated, etherified and sulphonated, or reacted 
with ethylene oxide. 

Terpenes and lecithin from vegetable sources and sterols from wool grease 
have also been mentioned. 

Of greater interest chemically, however, is the use of aromatic hydrocarbons 


as intermediates, several such groupings being combined together and used in 
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vlace of the usual aliphatic or alkylaromatic residues. Products such as sodium 
N : N-di-a-menaphthylsulphanilate 


H 


are stated to have cleansing properties but greater interest has apparently 
been found in partially or completely hydrogenated derivatives. Thus, com- 
pounds such as p-hydroxydiphenyl, p-benzylphenol and 1-benzy}-2-naphthol 


are hydrogenated to the secondary alcohols which are then converted to sulpho- 
acetates, glycollic acid ethers, reacted with ethylene oxide and so on. Similarly 
menaphthylcresol from 1-chlormethylnaphthalene and o-cresol 


+ CH,O + HCl > 


can be fully or partly hydrogenated, decahydronaphthalene can be chlorinated 
and the monochloro derivative reacted with phenol to give the decahydro- 


naphthylphenol, the hydroxy groups being used to attach solubilising groups 
in ways already described.“8®) Related products have been made starting from 
other aromatic and heterocyclic types such as anthracene, phenanthrene and 
earbazole. Chlormethylated aromatic derivatives such as are obtainable from 
tetralin and p-cymene have also been reacted"** with aromatic derivatives 
carrying suitable reactive and solubilising groups, e.g. 2-hydroxynaphthalene- 
6-sulphonic acid, 2-aminonaphthalene-6 : 8-disulphonie acid 1-p-sulpho- 
phenyl-3-methyl-5-pyrazolone giving substances such as: 


SO,Na 


Na0,s—“ \“ \—O—CH,— | 


CH, 
\ (Position of 
| not known) 


C.Me, 


: 

CH,—C-—CH, 
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CH,—SO,Na 


SO,Na CH, | CHs CH; 


A —CH, 


! 


CH.Me, CH.Me, 


Hydrocarbons such as cyclohexyltetralin give detergents on sulphonation.©® 
More recently, perhydroaryleyclohexanols and the like have been dehydrated 
and the resultant cyclohexene derivative subjected to the Oxo reaction to give 
detergent intermediates of the type 

S—CH,OH 

(HH 


for sulphation ete.“*) 


VI. ADJUVANTS 


Although many of the synthetic detergents are nighly efficient when used alone, 
means of increasing this still further and of improving their properties in certain 
directions have been sought. Both inorganic and organic materials have been 
found of interest and have contributed enormously to the commercial success 
of synthetic detergents. An account of this has been given by Kramer.“*?) 


A. Inorganic salts 


Mention has already been made of the effect of simple inorganic salts in in- 
creasing the detergency of the sulphated fatty alcohols. Firetrr* describes 
the effect of sodium sulphate on the detergency of the alkylaromatie sulphon- 
ates while according to JorpAN ef al.“® a still further increase in detergency 
can be obtained by also adding a magnesium salt. The use of magnesium 
silicates as adjuvants has been patented" recently. Sodium silicates are 
commonly incorporated to prevent corrosion of metals and an account of this 
is given by Ropixson®®, Alkali carbonates and bicarbonates have been used 
but technical and commercial considerations have given rise to the extensive 
use of complex phosphates such as the pyrophosphates and tripolyphosphates, 
especially for heavy duty domestic laundering. These are normally employed 
as sodium salts but potassium tripolyphosphate is also of interest primarily 
because of higher solubility which permits compounding into liquid forms: 
advantages have also been claimed for acid triphosphates as builders.“%” 
Lithium salts have been claimed to improve the solubility of the monoalkyl 


sulphosuccinic ester type.% 


B. Organic agents 


The use of organic solvents as additions to detergents has long been a practice 
for specific purposes as is shown e.g. by the Laventin series of the J.G.° Of 
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much greater significance, however, is the more recent discovery in Germany 
that the addition of carboxymethyl ethers of cellulose, normally made by 
reaction of soda cellulose with chloracetic acid, prevents to a very great extent 
the re-disposition of soiling matter which frequently occurs when washing 
cottons with any type of synthetic detergent so that to-day this agent is a 
normal component of powders marketed for household use. Many other 
agents have been tried for this purpose e.g. sulphated cellulose and starch 
derivatives but carboxymethy] cellulose under its various trade names is still 
the preferred product. A survey of the use of carboxymethyl cellulose is given 
by 

Fatty amide derivatives such as the acyl derivatives from ethanolamine, 
morpholine etc. and coconut oil acids are claimed’ to improve the detergent 
properties of sulphated and sulphonated types of detergents and also boost the 
detergency of the non-ionic polyethenoxy types.‘?) The non-ionic types are 
also claimed to have a synergistic effect on the alkylaryl sulphonates.'° 
Guanidine salts, e.g. the carbonate, are used to boost the detergency of alkyl- 
arylsulphonates.) Controlled amounts of alcohols may be added to fatty 
alcohol sulphates.) Other additives may be used for special purposes, e.g. 
ethylene thiourea to prevent discoloration of copper alloys, substances which 
fluoresce in the ultra-violet and so confer a bleaching effect, germicides and 
materials to minimize the de-fatting action of detergents on the human skin. 
An interesting example of this last type is the use of a substance, Dermolan L, 
a complex benzidine disulphonie acid derivative which functions as a mild 
tanning agent.*), 0) Such additives and means of compounding into attrac- 
tive physical forms can be of enormous commercial importance, especially when 
backed by the powers of advertising, though they are scarcely relevant to the 
chemistry of synthetic detergents as such. 
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5 
THE BIOCHEMISTRY OF FAT-SOLUBLE VITAMINS 
Henrik Dam 


I. VITAMIN A 


Tuts vitamin is represented by several closely related compounds (or types of 
compounds) of which the following will be briefly mentioned as an introduction 
to the recent development of the biochemical aspects of the vitamin: 


Vitamin A,, 
Vitamin A,, 
Neovitamin A, 
Anhydrovitamin A, 
Rehydrovitamin A, 
Vitamin A aldehyde, 
Vitamin A acid. 


Regarding the study of the constitution and the synthesis of these vitamins A 
and their derivatives the reader is referred to the reviews of Minas (1947), 
ZECHMEISTER (1949), IsLeR (1950), (1950), Devet (1951), 
and BaxTER (1952). Detailed indication of the respective chemical and physical 
data are also found in several of these reviews. 

Vitamin A, (usually called vitamin A) is the most widely distributed represen- 
tative of the group. It occurs in all marine fish oils, and in the liver fat of most 
land vertebrates, chiefly in the form of esters with fatty acids. The geo- 
metrical structure of vitamin A, is all-trans. 0-344 ugr of vitamin A, acetate 
corresponding to 0-30 ugr of vitamin A, represents the international unit of 
vitamin A (World Health Organization, 1950). 

Vitamin A, occurs in the liver of freshwater fish (EpIssury, Morton, and 
Smupkins, 1937), usually together with varying amounts of vitamin A,. In 
marine fishes its amount is low. Freshwater fish can utilize vitamin A, but do 
not convert it to vitamin A, to any appreciable extent, if at all (Morcos and 
Sanan, 1951). Vitamin A, may result from preformed vitamin A, in the diet 
or from the conversion of f-carotene and other previtamins to vitamin Ag. 
There is no direct evidence for the conversion of a specific provitamin A, 
(CoLLINs and Morton, 1953). According to Farrar, HAMLET, Hensest, and 
Jones (1951), and Cama, Datvi, Morton, and Satan (1952), the evidence is 
very strong that vitamin A, is 3-dehydrovitamin A, (the numeral refers to 


carbon no. 3 in the ring). 
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The potency of vitamin A, in the.rat growth test is 1,300,000 i.u. per gm 
(SHantz and BrinkMAN, 1950). 

Neovitamin A has been found together with vitamin A, in the liver oil of 
several marine fishes in amounts up to about 35 per cent of the total vitamin A 
content (RoBEsoNn and Baxter, 1947). The potency in the rat growth test is 
about 80 per cent of the potency of vitamin A, (Hakris, Ames, and BRINKMAN, 
1951). Ropeson and Baxter (1947) tentatively suggested, from spectrographic 
data, that neovitamin A has a cis configuration at the double bond at the CH, 
group nearest the hydroxyl group. According to the present mode of numbering 
the conjugated double bonds, beginning in the ring (ef. ZEcHMEISTER, 1949) 
this means that neovitamin A should be 5-cis-vitamin A,. WaLp (1952) has 
proposed to designate neovitamin A (the 5-cis isomer) neovitamin Aa, while 
the designation neovilamin Ab is reserved for the 3-cis isomer. 


Anhydrovitamin A (SHantz, CAWLEY, and EMBREE, 1943). 

Anhydrovitamin A, and anhydrovitamin A, are formed by the action of 
mineral acids in an anhydrous solvent on vitamins A, and A,, respectively. 
The anhydrovitamins A are hydrocarbons with 2 hydrogen and 1 oxygen atom 
less than the corresponding vitamins A. The position of the double bonds has 
not been definitely established. The potency in the rat growth test is 15,200 
to 16,900 i.u. per gm anhydrovitamin A, (SHANTz, CawLey, and EMBREE, 1943). 
Anhydrovitamin A has earlier been referred to as “‘cyclized vitamin A.” 

Rehydrovitamin A is formed from anhydrovitamin A when the latter is fed 
to rats (SHANTZ, 1950). Rehydrovitamin A is an isomer of vitamin A, perhaps 
with a shift in the position of the five conjugated double bonds. In the rat 
growth test it is about one-fifteenth as active as vitamin A. 

Vitamin A aldehyde (retinene). Vitamin A aldehydes corresponding to 
vitamins A,, A,, and neovitamins A, are known. They can be produced in 
vitro by oxidation of the corresponding vitamin A with manganese dioxide 
(Wan, 1947-48, Batt, Goopwinx, and Morton, 1948; Cama, Morton, 
and Satan, 1952; Watp, 1952; Granam, Van Dorp, and AREns, 1949). 
Vitamin A aldehyde can also be obtained by similar oxidation of carotene 
(Mzunrer, 1951). In the rat growth test vitamin A, aldehyde is approximately 
as active as vitamin A, (WENDLER, RoseNBLUM, and TISHLER, 1950). 
GLoveR, Goopwix, and Morron (1948) have shown that vitamin A, aldehyde 
is reduced to vitamin A, in vivo, irrespective of whether the administration 
takes place orally, subcutaneously or intraperitoneally. The retinenes are 
discussed further in connection with the role of vitamin A in vision. 

Hydroxylated vitamin A aldehydes are formed when vitamin A is oxidized 
in vitro in various ways. Thus oxidation with permanganate in acid solution 
yields, besides vitamin A aldehyde, a “substance Y”’ having an absorption 
maximum in the SbCl, reaction at 560 my. Substance Y is 5,6-dihydroxy- 
vitamin A aldehyde and JoUuANNETEAU, 1949). Its 
activity in the rat growth test is between one-twentieth and one-twentyfifth of 
that of vitamin A (Meunrer and Ferranpo, 1949). 
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Oxidation of vitamin A with vanadium oxide yields e mixture of two sub- 
stances, Z, and Z, soluble in water and petroleum ether, respectively, and 
having an absorption maximum in the SbCi, reaction at 545 my. They are 
believed to be hydroxylated vitamin A aldehydes in equilibrium with each 
other, and the mixture is said to act antagonistic to vitamin A when fed to 
rats (cf. Meunier, 1952). 

Vitamin A acid synthesized from f-ionylidene acetaldehyde (HEILBRON, 
Jones, Lowe, and Wricnut, 1936) or from f-ionylidene crotonic acid (ARENS 
and Van Dorp, 1946) has been found to be as potent as vitamin A when given 
orally in the form of a solution of its sodiuin salt at pH 10 (Van Dorp and 
ARENS, 1946). Administered in other ways it was less active. It does not give 
rise to accumulation of vitamin A in the liver. 


Kitol (EMBreE and SHantz, 1943). Kitol occurs primarily in whale oil, and 
to a lesser extent in fish oils. It has no vitamin A activity when ingested. 
However, it is converted into vitamin A (1 mol of vitamin A per mol Kitol 
destroyed) by heating in vacuo (molecular distillation). Kitol is believed 
to be a dihydric alcohol having a molecular weight about twice that of 


vitamin A. 


(a) Provitamins and their conversion into vitamin A 


A description of the chemistry and occurrence of the provitamins is outside 
the scope of this article. The reader is referred to the monographs of KaRrReRr 
and JuckKer (1948), ZecuMeEisterR (1949), (1951), Mackinney (1952), 
INHOFFEN and (1952), and Goopwrn (1952). 

At least 10 different carotenoids exhibit provitamin A activity, viz. «- 8- and 
y-carotene, cryptoxanthin, #-carotene oxide, B-oxycarotene, semi-f-carotenone, 


aphanacene, aphanin and eichineone. f-carotene is the most potent. 0-6 ugm 
of f-carotene was formerly the international unit of vitamin A (League of 
Nations, Permanent Commission on Biological Standardization (1934) ) and is 


still retained as a unit for provitamin A activity. 

When the number of possible (partly already known) stereoisomers is taken 
into consideration, the total number of carotenoid provitamins A increases 
considerably. This aspect of the problem has been studied in recent years 
particularly by ZecuMEIsTER, Deve, and their co-workers. They have shown 
that the crystalline carotenoids (mostly all-trans-forms), when brought into 
sulution or melted, stereoisomerize into an equilibrium mixture of predomin- 


antly unchanged all-trans and various cis-compounds. The isomerization 
process is catalyzed by heat, light, iodine, and acid. The problem of stereo- 
isomerism is further complicated by the advent of synthetic carotenoids 


(KarkER and Evester, 1950). 

The absorption maxima, in the visible light, of the cis-forms are found at 
shorter wavelengths than those of the trans-forms, and the extinction co- 
efficient at these maxima is lower for the cis-forms. In the ultraviolet, the 


all-trans carotenoids have practically no maximum between 320 and 380 mu, 
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but the cis-forms have a characteristic maximum, the “‘cis-peak”’ in this region 
(ZECHMEISTER and PotGak, 1943). 


Examples of cis-trans isomers of B-carotene 


B-carotene all-trans | usual crystalline form 


neo-f-carotene U 3-mono-cis produced 
neo-f-carotene V 3,9-(or 5,7-) di-cis artifically by 
neo-f-carotene B 3,6-di-cis isomerization 


In the above-mentioned temporary nomenclature, the numbers refer to the 
double bonds, beginning with the double bond in the ionone ring. The prefix 
“neo” designates the artificial forms. Cis-forms which have been found in 
nature (e.g. one such of y-carotene) are given the prefix “pro.” Letters A, B, 
C, etc., refer to isomers which are less firmly adsorbed than the all-trans-form, 
being the one which is nearest below the all-trans-form in the chromatogram. 
7’, U, V refer to more firmly adsorbed forms, 7’ being the form located nearest 
above the all-trans-form. Exceptions to this rule are found, however. The 
nomenclature of the sterecisomers has been discussed and criticized by Mac- 
KINNEY (1952). 

In the bioassay for vitamin A activity, the all-trans-form of a given caro- 
tenoid is usually found to be the most potent. An exception to this rule is 
found in the y-carotene group, where pro-y-carotene (about penta-cis) is at 
least as potent as all-trans-y-carotene. 

While the carotenoid provitamins A usually originate in green plants, certain 
observations seem to indicate that micro-organisms in the ileum and coecum 
of sheep may synthesize carotene (McGiuivray, 1951). The conversion of 
the carotenoid provitamins into vitamin A takes place in the intestinal 
wall. Sexton, Meni, and Deve (1946) showed that parenteral administra- 
tion of carotene failed to correct vitamin A deficiency in rats, even though 
the carotene accumulated in the liver. Direct evidence of the role of the 
intestinal wall in the conversion of the provitamins A was given by GLOVER, 
Goopwin, and Morton (1947), Marrson, Meni, and Drevet (1947), Wiese, 
MEAL, and Devet (1947), THompson, GANGULY, and Kon (1947), THompson, 
Coates, and Kon (1950), and Rosensera and Soper (1953). Krause and 
PiERCE (1948) showed that oral ingestion of an aqueous dispersion of carotene 
in water (with “Tween 40” as solubilizing agent) resulted in a considerable 
increase cf vitamin A in the blood even when the liver was blocked by ligature 
of the portal vein, the hepatic artery and the common bile duct. SraLticup 
and HeRMAN (1950) incubated small intestine, minced liver and blood plasma 
of calves with a colloidal carotene solution and found conversion to vitamin A 
in intestine and liver but not in plasma. 

Retinene has been mentioned as a possible intermediate in the conversion of 
carotene to vitamin A (HUNTER, 1946). The site of conversion of cryptoxaathin 
to vitamin A in the rat was studied by Pater, Ment, and Devet (1951) and 
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found to be the same as for carotene. WitH (1946) has postulated that in 
chicks cryptoxanthin may act as vitamin A without being converted. 


(6) Absorption, utilization and deposition 

The degree of utilization of a given amount of ingested provitamin A is 
determined by: 

1. The nature of the provitamin, 

2. Factors which influence the absorption from the intestine, 

3. Factors which promote or inhibit destruction of the provitemin or of 
vitamin A, 

4. The species of experimental animal. 

In case of B-carotene the degree of utilization in the usual rat growth test 
is less than 50 per cent of the stoichiometrically possible, since, according to 
the new standards, 0-6 wzgm of carotene gives the same growth response as 
0-3 zgm of vitamin A alcohol fed as the acetate. 

Vitamin A alcohol ingested as such or arising from hydrolysis of ingested 
vitamin A esters in the intestine is esterified in the intestinal wall during 
absorption (EDEN and SeLvers, 1950). Feeding of carotene also results in a 
flow of vitamin A esters into the circulation. Vitamin A (from carotene or 
preformed) is absorbed via the intestinal lymph, not through the portal blood 
of pigs and rats (THompson, GanGcuLy, and Kon, 1949) and of the guinea pig 
(WoyrTkiw and Essecparcu, 1951). 

The velocity of absorption of ingested vitamin A depends on whether the 
vitamin is given in oil solution or as an aqueous colloidal dispersion, the latter 
form being more rapidly absorbed (KRaMER, SoBeL, and GoTTFrrRieD, 1947). 
In aqueous carrier the natural ester and the acetate are better utilized than the 
alcohol (liver storage in chicks being used as the basis for comparison (MaRcH, 
ENGLIsH, and Brety, 1952) ). 

A comparison of the utilization of synthetic and natural vitamin A in mar- 
garine was made by Ames, Lupwic, Swanson, and Harris (1952). They 
found no difference between the two forms of vitamin A regarding growth, 
reproduction and lactation of rats through three generations, under their 
experimental conditions. 

Ingested vitamin A is not only deposited in the liver, but also, to a con- 
siderable extent, in the kidney, especially at low levels of intake (ZpEN and 
Moore, 1950, 1951). Liver homogenates are able to hydrolyze vitamin A 
acetate but not the palmitate or other “‘natural esters.”” Unlike homogenates 
of intestine and kidney, liver homogenates are unable to esterify vitamin A 
(Krause and Powett, 1953). In the plasma, vitamin A alcohol has been 
found to be associated with the more soluble fraction of the proteins, and 
vitamin A esters with the least soluble fraction (GancuLy, Karssky, MEHL, 
and Deve, 1952). Gancuty and Krinsky (1953) found no correlation 
between vitamin A alcohol levels in plasma and liver in rats. In the normal 
distribution of vitamin A of the rat liver cell, fraction X (liver homogenate 
minus nuclei and mitochondria) seems to contain the highest concentration, 
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the nuclei the least (PowreLt and Krause, 1953). Krinsky and GaNGuLY 
(1953) have studied the distribution of vitamin A ester and vitamin A alcohol 
in the rat liver. They found the mitochondria and nuclei essentially free of 
vitamin A. Vitamin A ester was mostly found in the centripetally migrating 
layer, while vitamin A alcohol was also present in the microsomes and the 
supernatant jayer. They suggest that vitamin A ester and vitamin A alcohol 
are associated with different proteins during storage within the liver cells. 

The favourable influence of fat on absorption through the action as a carrier 
is more marked regarding carotene than regarding preformed vitamin A 
(Russet, TayLor, WaLker, and 1942). The nature of the dietary 
fat is of great importance: highly unsaturated fatty acids will tend to destroy 
vitamin A and its provitamins unless a sufficient amount of tocopherols or other 
antioxidants is present. This question is discussed further in the chapter on 
vitamin E. Mineral oil will decrease the absorption especially of the esters of 
vitamin A (WEEK and SevicNneE, 1950). The same investigators found that 
ethyl laurate resulted in poor utilization of vitamin A alcohol and esters. Corn 
oil favoured the utilization of all forms, especially of the esters. According to 
WEEK and SevicNne (1959) vitamin A alcohol produces a greater response in 
serum vitamin A levels than does the acetate, when the substances are given 
in margarine. 

Devet, GREENBERG, SAVAGE, and MELNICK (1951) compared the growth 
promoting potencies of vitamin A and carotene when given to vitamin A 
deficient rats, in cottonseed oil and in margarine. Carotene was particularly 
well utilized when fed in margarine. The feeding of xanthophylls and 
chloropliylls together with carotene reduce the utilization of the latter for liver 
storage to some extent (KEMMERER, FRAps, and DeMorrier, 1947; Vavicn 
and KemMMERER, 1950). A decrease in the utilization of 6-carotene and pre- 
formed vitamin A by the feeding of large amounts of xanthophyll was also 
found by Ketitey and Day (1950). The availability, to the rat, of the 
provitamins in yellow corn has recently been studied by CaLLison, HALLMAN, 
Martrix, and Orent-KeiLes (1953). Eighty-two per cent of the provitamins 
proper were found to be utilized as vitamin A. 

The transfer of vitamin A to milk, in dairy cows, is particularly fast when 


the vitamin is given as an aqueous dispersion. The fastest transfer is obtained 


when the aqueous dispersion is injected intravenously (SopeL, RoseNBERG, 
and Encev, 1952), This is taken as support of the diffusion theory. 

Truscorr (1953) has shown that the previously known increase in liver 
vitamin A storage in mice following castration is not due to the slightly 


increased food intake. 


(c) Determination 
Directions for the spectrophotometrie determination at the absorption maxi- 
mum at 325 my, using the correction of Morton and Stupss (1948), are 
contained in the Technical Report Series No. 3 of the World Health Organiza- 
tion, Report of the Subcommittee on Fat-soluble Vitamins (1950). The 
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Pharmacopoeia of the United States XIV (1950) makes use of the spectro- 
photometric niethod according to the same principle as well as of the rat 
growth test and the reaction with antimony trichloride, the latter as a means of 
identification. Comments on the spectrophotometric method adopted by the 
W.H.O. have appeared by Brunivus (1950) and Hsyarpe (1950). Hsarpe 
recommends chromatography instead of the correction for irrelevant absorption 
according to Morton and Stusss (1948). Brunius emphasizes the necessity 
of identification. Tne Scandinavian Pharmacopoeia Council (1953) has adopted 
a method making use of chromatography as well as of the correction according 
to Morton and Strusss. 

The colorimetric estimation of vitamin A in margarine has received special 
attention by Metnick, LuckMANN, and VAHLTEeIcH (1952), LucKMANN, 
and VaHLTEICH (1952a and 1952b) and LuckmMann, Gooprna, and 
MELNICK (1952). 

Various forms of the rat growth test have been described by Buiss and GyGrey 
in P. GyOrey: Vitamin Methods (i951). It is of interest that certain authors 
have increased the amount of vitamin E in the basal vitamin A-free diet by 
the addition of «-tocopherol. The U.S.P. diet contains 5 per cent cottonseed 
oil which gives an estimated amount of total tocopherol of about 5 mgm per 
100 gm diet, and, at the same time, a considerable amount of linoleic acid 
(about 2 per cent). Mukray and CAMPBELL (1952) have compared the physical- 
chemical methods with the rat growth test and the rat vaginal smear test of 
PucsLtey, WILLS, and Cranpatu (1944). With pharmaceutical vitamin A 
preparations and with more or less oxidized cod liver oils they found good 
agreement between the spectrophotometric method with the correction of 
Morton and Stusss, and the biological methods. With cod liver oil oxidized 
to such an extent that the absorption maximum was shifted from 325 mu the 
spectrophotometric and colorimetric methods gave results outside the confidence 
limits (P = 0-05) of the bioassay. 


(d) Role of vitamin A in vision 


(i) ROLE IN VISION IN DIM LIGHT (SCOTOPIC VISION) 

The association of vitamin A deficiency with nightblindness has been known 
since 1925, when Fripericia and Hot (1926) and Hoi (1925) demonstrated 
that regeneration of visual purple is impeded in rats deprived of vitamin A. 
Since then the relation between carotenoids and visual purple has been 
studied by several groups of investigators, for instance, in the laboratories of 
Hecut, Lyrucor, Morton, Wap, and others. Recently this research has 
culminated with the demonstration by WALD and co-workers, of the role played 
by cis-trans isomers of vitamin A and its aldehyde. 

The following is a brief outline of the present state of knowledge. 


The pigment of the rods, visual purple, is a chromoprotein consisting of the 


protein component opsin and the prosthetic group retinene. Retinene is 
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vitamin A aldehyde (Morton and Goopwin, 1944). In marine fishes and in 
land animals the visual purple is mainly rhodopsin which contains retinene, 
(vitamin A, aldehyde). In freshwater fish the visual purple is mainly porphy- 
ropsin which contains retinene, (vitamin A, aldehyde).* Visual purple is 
bleached in light through intermediary products to opsin + all-trans-retinene, 
The latter is reduced to all-trans-vitamin A, part of which passes into the 
blood circulation and undergoes metabolism (HuBBARD and WALD, 1952). 

The existence of intermediary products in the bleaching process has been 
studied by LyTuGoe ard co-workers (LYTHGOE, 1937; LyTHcoE and QuILLIAM, 
1938). They found as a primary intermediate “transient orange’’ which is formed 
in light and subsequently changed (without the influence of light) into “indicator 
yellow.” LyTHGOE assumed transient orange and indicator yellow to be 
stages in the separation of carotenoid from protein in the rhodopsin molecule 
(1942). 

The isolation of the light reaction from the reactions which do not require 
light was first carried out by Bropa and GopEve (1941) by irradiating rho- 
dopsin at minus 70°C. At this low temperature further changes of the primary 
product hardly occur. In Watp’s nomenclature the primary irradiation 
product which can be obtained at temperatures between minus 40 and minus 
100°C is ‘umirhodopsin. On warming, in light or darkness, to temperatures 
above minus 20°C lumirhodopsin is changed into metarhodopsin. The further 
change of metarhodopsin to opsin and retinene occurs only in the presence of 
water. In the regeneration of rhodopsin (the process which underlies adaptation 
for vision in dim light) retinene must be present as neoretinene b (the aldehyde 
corresponding to the alcohol neovitamin Ab), since this is the only form of 
retinene which will combine with opsin to form rhodopsin (HuBBAaRD and 
WALD, 1952). Dietary all-trans or other forms of vitamin A, are supposed to 
isomerize to a sufficient extent in the body to supply the necessary amount of 
neovitamin Ab (HUBBARD and WALD, 1952). 

The binding of retinene to opsin is a bimolecular process when both com- 
ponents are present in equal amounts. When opsin is present in large excess, 
the process may be monomolecular. The process does not require energy 
(HupBarRD and WaLD, 1952). The binding of retinene with amino groups in a 
protein carrier has been considered by CoLuins and Morron (1950) and by 
Wap (1951). However, sulphydryl groups seem to be more important in the 
binding of retinene to opsin. Watp and Brown (1951, 1952) have shown that 
retinene combines easier with sulphydryl groups than with amino groups at 
pH 6 which is optimal for the condensation of retinene with opsin. The 
binding of retinene to opsin is inhibited by p-chlormercuribenzoate, an 
effect which can be counteracted by glutathione. The fact that formaldehyde 


* The designation rhodopsin for visual purple was used by Ki une (1879), Ki une and Sewau 
(1880) were aware of a difference in colour of the retinas from fresh water fish (violet), and those of 
marine fish and most land animals (pink). Wap (1937a) proposed to call the pigment having an 
absorption maximum at 522 to 525 my, characteristic of fresh water fish, Porphyrcupsin, and to 
restrict the term rhodopsin to the visual purple with absorption maximum 500 my, characteristic 
of marine fish and most land animals, 
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alsc inhibits can be explained on the basis of SH groups as well as of NH, 
groups. 

An explanation of the colour of opsin on the basis of halochromic structure 
has been discussed by CoLtrys and Morton (1950) and by Hugsarp and 
Watp (1952). The latter authors have made an interesting comparison with 
the blue colour given by vitamin A derivatives with antimony trichloride. 
According to Meunter and Vrvet (1947) this reaction gives rise to the formation 
of an all-trans product irrespective of the stereoisomer of vitamin A which 
enters the reaction. 

The reduction of all-frans-retinene to all-trans-vitamin A takes place by 
means of alcohol dehydrogenase and cozymase. The same applies to the 
dehydrogenation of neovitamin Ab to neoretinene b (HuBBARD and Watp, 
1952; Buiss, 1949, 1951). 

There may be a short cut from all-trans-retinene to neoretinene b, since blue 
or violet light, heat, etc., catalyze the interconversion of these substances 
in vitro. However, it is believed that, in vivo, the intensity of the isomerizing 
blue and violet light is too low to play an important role in scotopic vision. 
The effect of heat is also considered to be of minor importance in vivo. There- 
fore, the possibility of the existence of a stereoisomerizing enzyme system is 
being considered. In iaboratory work with the above-mentioned processes in 
vitro it is highly important to be aware of the isomerizing influerce of blue light. 

In visual purple the cis-configuration of retinene is supposed to be retained 
in accordance with the existence of 2 8 band at about 350 my which is assumed 
to be characteristic of a prosthetic group with cis-configuration. 

All the above-mentioned processes have been carried out in rifro mainly 
with spectrophotometry as qualitative criteria as well as means of quantitative 
measurements. An aqueous digitonin solution is used for the extraction of 
rhodopsin from the retina or from the outer segments of the rods isolated by 
a special flotation technique. Digitonin is also used for bringing the fat-soluble 
retinenes into an aqueous colloidal state in which they can react with opsir. 
The in vitro studies are complicated by the formation of by-products such as 
isoretinenes a and b and isorhodopsin, which substances are now held to be 
artifacts (HUBBARD and WaLp, 1952). 

As to the way in which the chemical processes of the rhodopsin cycle may 
give rise to nerve impuises, several of its steps have been considered. WaLp 
and Brown (1951) have focused attention on the liberation of SH-groups in 
opsin through the detachment of retinene. 

In species having porphyropsin as the main component of their visual purple 
the bleaching and regeneration cycle is assumed to be similar to that described 
above. When rats are depleted of vitamin A and fed vitamin A,, their retinas 
take up this latter vitamin and then contain porphyropsin instead of rhodopsin, 
as shown by the spectral curves of the retinal pigment (shift of the absorption 
maximum from 500 my to 520 my). However, there seems to be a tendency to 
retain retinene, in the visual purple as long as any is available (SHaNTz, EMBREE, 
Hopae, and WILLs, 1946). 
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(ii) ROLE IN VISION IN BRIGHT LIGHT (PHOTOPiC VISION) 


Complete blindness is not known as a symptom of vitamin A deficiency. How- 
ever, an increase in the threshold value for cone vision paralleling the increase 
in the threshold for red vision in young men receiving a vitamin A deficient 
diet has been reported by Hecut and ManpDELBAUM (1938). : 

Wap (1937b) extracted a pigment iodopsin from chicken retinas together 
with rhodopsin from the rods. Iodopsin which arises from the cones has been 
studied further by WaLp, Brown, and Smiru (1952). Its maximal absorption 
is at 562 my while the band of rhodopsin is at 500 mu. This explains why the 
spectral sensitivity of the eye shifts towards the red as one goes from dim to 
bright light, that is: from rod to cone vision. Iodopsin bleaches in red light 
which does not bleach rhcdopsin. Bleaching of iodopsin results in an inactive 
retinene, apparently all-frans-retinene, and a protein which is different from 
opsin. The protein component of iodopsin has been called photopsin to dis- 
tinguish it from the opsin (scotopsin) from the rods. The all-trans-retinene is 
reduced to all-trans vitamin A by the same enzyme system as in the rods. The 
synthesis of iodopsin requires an active cis-isomer of retinene, the same as is 
needed for the synthesis of rhodopsin. For cone vision to continue, therefore, 
this active isomer or its corresponding vitamin A must be supplied, either from 
the circulation er from isomerization of the inactive form. 

Regarding trichromatice vision in man less information is available. HEcut 
(1931) suggested that the cones might contain three distinct photo-labile pig- 
ments differing in absorption characteristics. WatLp (1937) found in the chicken 
retina three grcups of colour filters which may provide a possible basis for hue 
differentiation with only one photo-labile pigment, iodopsin. These colour 
filters are lacking in mammals, and here it is possible that colour vision is 
probably mediated by a number of different light sensitive pigments distributed 
among the cones (WALD, 1953a). 

A new visual pigment, Cyanopsin, has been synthesized by WaLp, Browy, 
and Situ (1953) by combining chicken cone opsin with retinene,. It is ex- 
pected to occur in any retina which contains vitamin A, or retinene, and cone 
opsin. 

A review of the biochemistry of vision has been given by WaLp (1953b). 


(e) Vitamin A deficiency symptoms 


It is not the place here to list the various long-known symptoms of vitamin A 
deficiency. It might be worthwhile, however, to call attention to one aspect, 
viz. bone dysplasia with secondary nervous symptoms such as deafness, of 
which a thorough review has been given recently by MELLANByY (1950). 

The symptoms of vitamin A deficiency have been subjected to a renewed 
study by Lowe, Mortox, and Harrison (1953) with special attention to 
(a) the depletion process, (4) the specificity of vitamin A, (c) liver lipid un- 
saponifiable matter, (d¢) xerophthalmie eye tissue, (e) abnormal constituents of 
other liver lipids, (f) cholesterol-vitamin A interactions, (g) vitamin A depletion 


and the adrenal cortex 
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(f) Requirements and recommended allowances 


The U.S. National Research Council, Committee on Animal Nutrition, has 
issued tables of Recommended Allowances for Domestic Animals (1944-49), 
in which acertain margin of safety has been added to the assessed 
requirements. 

ALMQUIST (1953) has recently undertaken an evaluation of the data from 
the literature concerning the vitamin A requirement of chicks and poults. He 
estimates the minimum requirement for growth of chicks at approximately 
100 i.u., and that for poults at 2300 i.u. per Ib. of diet. A review of the 
vitamin A requirement of poultry is contained in a paper by Hocan 
(1950). 

The vitamin A requirement of the mouse has been estimated by McCartuy 
and CERECEDO (1953) at li.u. per day (vitamin A acetate in cottonseed oil). 
This amount gives good growth, normal haematology and ncrmal reproduction 
function of the male, which function is particularly sensitive to a deficiency of 
vitamin A. Since storage of vitamin A also occurs with l iu. per day in the 
adult as well as during the period of rapid growth, this amount is believed to 
be somewhat in excess of the needs of the growing mouse. 

For the rat the vitamin A requirement kas been assessed, through figures 
from the literature, to be 40 i.u. per 100 gm of diet (Brown and Stcrtevayt, 
1949). 

The U.S. National Research Council, Food and Nutrition Board, has recom- 
mended a daily allowance of 5000 i.u. of vitamin A fon normal adult persons, 
based on the premise that approximately two-thirds of the vitamin A value ts 
contributed by carotene and that carotene has half or less than hali the 
value of vitamin A (1948). The minimum daily requirement is considered, 
by the U.S. Food and Drug Administration, to be 4¢0@iu. for normal 
adults (1941). 

It is not known in detuil how far the requirement for vitamin A as an essential 
nutrient is distributed throughout the animal kingdom. It is certain that at 
least all species which depend upon rhodopsin, porphyropsin, iodopsin or the 
like for the visual processes must receive vitamin A in the diet for normal 
physiological functions. This means that all vertebrates and some invertebrates 
require vitamin A. Among the invertebrates the squid, Loligo pealii, has been 
shown to possess rhodopsin (St. Georcre and Wap, 1949). Certain insects, 
such as the cockroach, Blatella germanica, could be raised through several 
generations on a vitamin A deficient rat diet, and the oil extracted from them 
did not contain vitamin A (McCay, 1938; Browers and McCay, 1940). The 
clothes moth, Tineola biselliella, does not require vitamin A either (CROWELL 
and McCay, 1937). 

Guover, Morton, and Rosen (1952) examined developing salmon eggs, 
over a period of about 3 months from fertilization, and found a marked con- 
servation of astaxanthin and a striking lack of evidence that vitamin A (or A,) 


is required in more than traces, if at all. 
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(9) Hypervitaminosis A 
Hypervitaminosis A gained renewed interest when Ropaui and Moore (1943) 
found that the toxicity of bear and seal liver is related to an extraordinary 
high content of vitamin A. This study was followed up by Moore, and 
Wane (1945), Ropaut, (1949a,b,c, 1950a,b), WALKER, EyLenBurG and Moore 
(1947) and Licut, Atscuer, and Frey (1944). Hersst, Pavcek, and ELVEHJEM 
(1944) found similar effect of telang liver which also contain an extremely high 
amount of vitamin A. 

According to Ropaut (1950a) the symptoms, in rats, of acute intoxication 
are: signs of general malady, and unwell-being with changes in the pelts, 
drowsiness, weakness and decreased activity. These symptoms may well be 
compared with those observed in man and dogs following a single meal of bear 
or seal liver. The symptoms of chronic intoxication are: reduced weight gain, 
limping, stiffness in the limbs, alopecia, soreness and bleeding in the skin, 
exophthalmus, loss of hair and soreness around the eyes, as well as swelling of 
the palpebrae, and finally fractures of bones. 

The skeletal changes in hypervitaminosis A are considered so specific 
that they have been proposed as a means of biological identification of 
vitamin A in concentrated preparations, available in sufficient quantity. 
This test can be carried out with rats on a stock diet, and only requires a 
relatively short test period (WoLBacH and Mappock, 1951). Studies on the 
effect of an excess of vitamin A on bone development, especially as found 
in foetal bone cultures, have been summarized in Nutrition Reviews 
(1952). 

The bleeding tendency in hypervitaminosis A is partly due to decreased 
prothrombin activity which may be corrected by moderate doses of vitamin K 
(Licut, Atscuer, and Frey, 1944; WaLker, and Moore, 1947). 
This part of the symptom is discussed in the chapter: Vitamin K. An abnormal 
permeability or fragility of the capillaries seems elso to be involved, but this 
anomality cannot be corrected by ascorbic acid (Moore and Wane, 1945; 
WALKER, EYLENBURG, 2nd Moore, 1947). 

Slight toxic symptoms can be produced in rats with daily doses of 50 i.u. per 
gm body weight. Two hundred to 500i.u. per gm body weight cause severe 
symptoms and doses over 800 i.u. per gm body weight are lethal in less than 
a month (RopauHL, 1950b). 

Ames, Swanson, Ristey, and Harris (1952) found that single dose feeding 
tests with vitamin A acetate in cottonseed oil indicated an LD, of about 
1 million units per gm body weight of the rat. The liver reached maximum 
vitamin A storage at about 50,000 units per gm of fresh liver tissue. At this 
level of storage the extractable liver oil had a potency of about 1 million units 
per gm. 

When high doses of vitamin A (35,000 i.u.) were given to pregnant rats from 
the 2nd, 3rd or 4th to the 16th day of gestation, Counan (1953) found, in 
addition to a reduction of the number of litters carried to term, characteristic 
congenital anomalies, such as extrusion of the brain to the external surface of 
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the head, and, less frequently, macroglossia, harelip, cleft palate, and gross 
defects in eye development. 

A case of hyperviteminosis A in a 3-year-old child due to exceszive medication 
was described by JosEpus-(1€ 44). Other observations of the consequences of 
extreme medication with vitamin A are listed by Ropaut (1950a). In JosEpus’ 
case, 240,000 U.S.P. units of vitamin A were given daily in the form of halibut 
liver oil from the age of between 2 and 3 months up to 3 years. The literature 
contains several partly conflicting statements about the tolerance of high doses 
of vitamin A given to children or adults through shorter periods (cf. Ropaat, 
1950a). All clinical observations of hypervitaminosis based on experinents 
with fish oi] must be considered with a view to the content of vitamin D as 
well as of A. 

(h) “‘Lard factor” 

KavuniTz and Stanetz (1950, 1951) announced the existence of a factor in lard 
which would prevent vitamin A deficiency symptoms in rats without responding 
to the chemical reactions for vitamin A. The factor occurs in the fraction 
which distils from lard at 214°C and 0-001 mg Hg pressure. However, ENGEL 
(1951) was unable to find any vitamin A activity of lard when this fat was 
included in a vitamin A deficient diet for rats at the level of 10 per cent. 
LowE and Morton (1953) confirmed the existence of a vitamin A active 
factor in lard which they were unable to determine by spectrophotometric or 
colorimetric methods. Nearly simultaneously, Hers, RIfMENSCHNEIDER, 
Kavunitz, and Sianetz (1953) announced that they had succeeded after 
chromatographic fractionation of unsaponifiables from lard to demonstrate 
the presence of vitamin A by the Carr Price reaction and the spectral curve. 
Therefore the lard factor is believed to be vitamin A which is difficult to 
determine chemically without thorough purification. 


Bleaching and regeneration of visual purple, according to Wap and co- 
workers. 
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Ill. VITAMIN D 


(a) Representatives of the vitamin D group 


The chemistry of various forms of this vitamin and the corresponding pro- 
vitamins has already been reviewed in vol. 1 of Chemistry of Fats and other 
Lipids by BercMan (1952). Other recent reviews on this aspect of vitamin D 
have been published by Dever (1951) and VoGEeLt-Kxosriocu (1950). 
Therefore, the brief renumeration shown in ‘Table 1 may suffice as en 


introduction to the present subject. 

The provitamin from the ribbed mussel Modiolus demissus (Dillwyn) called 
Dm was isolated by Peterinc and WADDELL (1951). It is believed to be a C,, 
sterol. It seems to be equally active for rats and chicks (RoseNBeRG and 
WADDELL, 1951). 


(4) Modes of activation of the provitamins D 


The usual procedure for converting the previtamins D into the vitamins is 
suitable irradiation in the ultraviolet and subsequent fractionation. In the 
activation of ergosterol the sequence of reactions is: ergosterol —> lumisterol, > 
tachysterol, + vitamin D,. Further irradiation of vitamin D, leads to supra- 
sterol, I + suprasterol, IT. A toxisterol, is also formed as a by-product of the 
irradiation process. Regarding the details the reader is referred to the afore- 


mentioned reviews. 

D-vitamins may also be formed from sterols by purely chemical procedures. 
The first report to this effect was that of Bits and McDonavp (1926) who 
found that cholesterol heated in various organic solvents with floridin was 
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Table 1. Provitamins and vitamins D and their activities 


1.U.} 
| for = 4 Efficiency 


Provitamin Vitamin for chicks 


| in millions 


| D, = adduct of D, 

| and lumisterol, 
ergosterol D, (calciferol, ergo- | slight‘? 

calciferol) 

7-dehydrocholesterol | D,(cholecaleiferol) | 40 100% 
22-dihydroergosterol D, 12,5-15,5 | less than for rats” 
7-dehydrositosterol D, about 0,5 | less than for rats” 
j-dehydrostigmasterol about 0,1" ? 
5,7-norcholestadiene-3-f-ol* 
5,7-androstadiene-3,17-dial | on 
3-hydroxy-5,7-choladienie acid 0,1 


1 of Nations, Health Organization, Quarterly Bulletin 4, No. 3 (Sept. 1935), p. 540. 
™ Gras, W.; Z. physiol. Chem. 243 (1936) 63. 

‘orld Health Organization, Technical Reports, Series No. 3, Report of Sub-commitice on Fat-soluble 

s (London, April 26 , 1949, Geneva 1950). 

bis expresses the fact that tne same amount of vitamin D, ts used as unit in the chick and rat assay 

w«. Off. Agric. Chem. 35 (1952) 715. 

. G.; J. Biol. Chem, 114 (1936) exv. 
hysiol. Chem. 243 (1926) 63. 
stry and Physiology of the Vitamins, New York 1942, 407. 
. Soe. 64 (1942) 1900. 

: -: Che try and Physiology of ie Vitamins, New York 1942, 407. 

Al ati, C. G., Camerixo, B. and MawMou, L.; Helr. Chim. Acta 32 (1249) 2038. 
BUTENANDT, A., MANN, E., PALAND, J. v. DRESLER, D. and Meinerts, U., Berichte 71 (1938) 1316. 
Diwsers, K. and PALAND, J.; Berichte 72 (1939) 187. 

‘* Hastewoon, G. A. D.; Biochem. J. 33 (1939) 454. 

converted to a mixture of substances comprising one (not isolated) with anti- 
rachitic properties. This subject has received renewed attention by Raovun 
and co-workers (1949-1952). These authors prepare substances with high 
vitamin D activity from cholesterol via 2-4, 2’-4’-bicholestadiene, a compound 
which can be obtained, for instance, through the Salkowski reaction or by 
heating with the Liebermann-Burchard reagent. This intermediary product 
is converted, with or without irradiation as a part of the procedure, into 
vitamin D active compounds, for which the authors reserve the designation 
vitamin D,. (The term vitamin D, is used in VoceL-KNosiocn’s reference 
book to designate the vitamin D obtained by irradiation of the provitamin 
7-dehydrocampesterol described by Ruicu (1942).) Raoct and co-workers 
(1952b) report to have prepared their vitamin D, from fish oil, where it seems 
to be present besides vitamin D,. The formation of vitamin D, from cholesterol 
without irradiation (treatment in ionizing millicu) has been described by Raout 


and co-workers (1949). 


(c) Observations on the origin of vitamin D in fish and the provitamin in rats 
Regarding the origin of vitamin D in fish, Brits (1927) showed that vitamin D 
in cat fish oil was not increased by irradiating the fish, and it was not decreased 
by keeping the fish for 6 months in the dark on a vitamin D deficient diet. 
BILLs suggested that vitamin D may be synthesized by fish. Provitamin D, 
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(7-dehydrocholesterol) is believed to be formed by enzymatic dehydrogenation 
of cholesterol in the intestinal wall of the rat (GLover, GLoverR, and 


Morton, 1952). 


(d) Locaiion of the provitamin in chicks and rats 
In chicks the sterols of the feet have a relatively high concentration of pro- 
vitamin D while the secretion of preen gland is of little importance in this 
respect (ROSENBERG, 1953). In rats, WARD and Moore (1953) have found a 
high concentration of a 7-dehydrosterol in the epididymis and preputial glands 
of the male and in the bulbi vestibuli of the female. 


(e) Standards 


The international unit of vitamin D activity is now represented by 0-025 ug of 
pure vitamin D, (World Health Organization, 1950). Formerly the unit was 
defined by the same amount of vitamin D, (League of Nations, 1935). The new 
unit (0-025 ngm vitamin D, is adopted by the United States Pharmacopoeia XIV 
(1950), and by the Association of Official Agricultural Chemists (1952). This 
eliminates complications arising from the presence of other vitamin D active 
substances besides vitamin D, in the formerly used reference oil (Irvin, 1950). 


(f) Mode of action 


Children will get rickets in the absence of vitamin D, even with an optimal 
supply of calvium and phosphate in the diet. In young rats, however, rickets 
can only be produced when the diet contains an unfavourable ratio between 
calcium and phosphorus, usually high calcium, low phosphorus. Vitamin D 
aids the absorption of calcium and phosphate from the intestine, but it also 
seems to exert a direct influence on the deposition of calcium phosphate in the 
cartilage of the metaphysis. Isotope studies have confirmed the effect on 
calcium absorption (GREENBERG, 1945) and phosphorus retention in the bones 
(Smimotori and Morean, 1943). 

In rickets, serum phosphate is usuaily low, and serum (alkaline) phosphatase 
is high. The latter abnormality is generally considered to be due to a leakage 
of the phosphatase from the bones where its concentration is also high. Experi- 
ments by Morzox (1950a) support this view. Morzoxk (1950b) has based an 
assay of vitamin D activity on the measurement of plasma alkaline phosphatase. 

ZETTERSTROM (195la,b) and ZerrerstROM and LyuNGGREN (1951) have 
suggested that vitamin D acts by increasing the activity of alkaline phos- 
phatases. ZeTTERSTROM (195la) prepared phosphorylated vitamin D,, which 
is somewhat soluble in water, and thus available for enzyme studies in vitro. 
The compound was shown to increase (in vitro) the activities of alkaline phos- 
phatases from bone and kidney fourfold and twofold, respectively. Phosphory- 
lated vitamin D,, in concentrations of 1075 mol, increased the rate of oxygen 
uptake in a suspension of mitochondria from kidneys about twofold, more 
for mitochondria from rachitic rats than for such from normal rats. The 
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effect on the oxygen uptake was considered tc be an indirect consequence of 
increased phosphatase activity. 

Alkaline phosphatases may be important in the absorption and excretion of 
phosphate as well as in the deposition of calcium phospha‘e in the cartilage. 
However, the relation of the above-mentioned observations with phosphory- 
lated vitamin D to the function of the vitamin in vivo still awaits confirmation. 
According to RAtHd and Forsanper (1952) vitamin D activetes the phos- 
phorylation of thiamin. NicoLayseEn (1943) has suggested that in growing rats 
calcium absorption is regulated by an endogenous factor which is effective 
only in the presence of vitamin D. Henry and Kon (1953) have cciticized 
this hypothesis. 

Very interesting is the fact that if a certain amount of citrate is added to an 
otherwise rachitogenic diet, it is difficult to produce rickets in rats (HamimToN 
and Dewar, 1937; Suont, 1937). A curative effect of citrate against rickets 
in infants has also been claimed (SuHont and Burier, 1939; GLANZMANN, 
MEIER, and WALTHARD, 1946). Citrate has been reported to be low (1-5 mg 
per cent) in serum of rachitic infants, and to rise to normal values (2-5 mg 
per cent) after vitamin D treatment (Harrison and Harrison, 1952). The 
role of citrate in the prevention or healing of rickets is not clear though it seems 
likely that the formation of soluble complexes with calcium is of importance. 
The influence of citrate shows that the requirement of vitamin D depends on 
the composition of the diet just as is the case for certain other vitamins, for 
instance, vitamin E. Vitamin D acts against the rachitogenic (or osteoporotic) 
effect of dietary calcium sulphate (GLANzMANN, Merer, and UEHLINGER, 1946). 
It also markedly increases the utilization of phytin phosphorus (KRIEGER, 
BunkKFELDT, and Sreensock, 1940; Krizcer, Bunkretpt THompson, and 
STEENBOCK, 1941; Bourwe.i, Geyer, Hatverson, and Hart, 1946; 
and MircHELL, 1945). However, vitamin D does not increase phytase activity 
(SpirzeR, MaryuaMa, Micuaup, and Puiiuies, 1948), but it has been found to 
increase the extractable intestinal phytase of rats and chicks (STEENBOCK, 
KRIEGER, WIeEsT, and Pivecer, 1953). Sufficient calcium must be present if 
vitamin D shall suppress the anticalcifying effect of phytate (MELLANBY, 1949). 
A study of the relationship of dietary phytate, Ca and vitamin D, to rickets in 
children in Dublin during the years 1943 to 1948, was made by Jessop (1950). 


Requirements and allowances 
(9) q 


The recommended allowance for vitamin D for humans given by the National 
Research Council, Board on Food and Nutrition, Washington, D.C. (1948), is 
400 iu. daily from birth up to the age of 20 years and for women during preg- 
nancy (latter half) and lactation. For other (normal) adults over the age of 
20 years the requirement is believed to be so small that no allowance needs to 
be given. The allowance shall secure prevention of rickets in infants, good 
growth and optimal calcium retention. Sufficient dietary calcium is, of course, 
a prerequisite. The observational data on which the recommendation is based 


are mentioned in the circular. 
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Certain clinical workers, e.g. Hover (1946, 1949) who have studied the 
calcium and phosphate metabolism in infants in relation to the intake of 
vitamin D believe that vitamin D, is twice as active as vitamin D,. Houvet 
estimates the daily requirement for infants at 250 to 300i.u. D, or 500. to 
600 i.u. D,. 

Tentative allowances for domestic animals are given by the U.S. National 
Research Council, Committee on Animal Nutrition (1944-49). Hocan has 
reviewed the requirement of poultry. It is to be remembered that vitamin D, 
has little value for poultry. Coucu, James, and SHERwoop (1946) found that 
hens and pullets required less vitamin J) when manganese was added to the 
ration. Vitamin D is dispensable for many domestic animals when the feed 
contains a favourable ratio Ca: P. Recent experiments by Ewer (1951) on 
sheep receiving a rachitogenic diet low in P and vitamin D have shown that 
rickets could be prevented either by one large dose of vitamin D, (25 mgm) 
or by raising the P intake (to 1-9 gm per day). The treatment with one large 
dose of D, had no effect upon growth, whereas the increased supply of P had. 
The effect of various levels of Ca, P, and vitamin D intake on bone growth 
in foxes has been studied by Harris, Bassett, and WILKE (1951). 


(hk) Hypervitaminosis D 


It has been general knowledge for a long time that large doses of vitamin D, 
especially when repeated, may produce a toxic syndrome involving deposition 


of calcium phosphate in various organs, e.g. the kidneys. The toxic dose is 
rather high, about 1000 times the therapeutic dose. Some authors (working 
with vitamin D,) have warned against the treatment of rickets or tetany with 
one very large dose (DeBRé, Brissavp, and Tretivu, 1946). In 
dogs, atrophy of the parathyroids has been found as part of the hyper- 
vitaminosis D syndrome. Hypervitaminosis D in a poikilotherm animal, viz. 
the larval frog, has been studied recently by ScHLUMBERGER (1953). 

The vitamin D balance and distribution in rats given a massive dese of 
ergocalciferol have been investigated by E. M. CrurcksHank and Kopicek 
(1953) and Armirace (1953). Forty thousand i.u. were given to weanling 
rachitic rats, and various organs, faeces and urine were assayed on the 4 sub- 
sequent days. About 23 per cent of the ingested dose was accounted for, the 
main site of deposition being the liver. A not inconsiderable part was excreted 
in the faeces, none in the urine. The fate of the remainder of the ingested dose 
was believed to be conversion into products having no antirachitie activity. 


(i) Substances with inhibiting effect 
A factor in hay inhibiting the action of vitamin D has been reported by WeEitTs 
(1952). Brion, Ferranpo, Cuenavier, and Porta (1951) have suggested 
that cod liver oil contains a substance which inhibits the action of the amount 
of vitamin D, present. Brausr, Kon, and Wuite (1943, 1944) found that 
high amounts of dried yeast in the ration of pigs produced rachitogenic 
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symptoms. This observation has been discussed by Horr-JocEensen (1947, 
1948) and De Man (1948). 


(j) Miscellaneous observations 


Greep and FiscHER (1950) found that vitamin D is not essential for growth of 
intact rats given an adequate Ca: P intake and may impair growth in mineral 
imbalances. Given to parathyroidectomized rats with normal mineral intake, 
vitamin D improved growth greatly. Prxcus and GirrLeMan (1952) could not 
find any regulatory effect of vitamin D upon the serum calcium and phosphorus 
Jevels in infants fed formulas. 

Chronic dosage with dihydrotachysterol which increases blood calcium 
(WERDER, 1939), for instance, in hypoparathyroidism, produces bone resorption 
in young rats (Latta and Tristan, 1950). Kopicex (1950a,b) showed that the 
bacteriostatic effect of long chain fatty acids on the growth of lactobacillus 
casei can be reversed by vitamins D, and D,. This effect was utilized in a 


microbial assay for pure vitamins D. 
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Ill. VITAMIN E 


Tue representatives of the vitamin E group are a-, B-, y-, and 5-tocopherols, 
all of which are methyl-substituted tocols. 

In the rat fertility test and in most other biological tests, a-tocopherol is 
much more active than the other tocopherols. The opposite applies to the 
r vitro antioxidant effect. 

Certain substances closely related to the tocopherols are of interest to the 
mode of action of vitamin E, e.g. tocopherylquinone, —hydroquinone, simpler 
substituted oxychromanes and the free semiquinone radical (MicHAELIS and 
Wotan, 1949): 


CH, 


on 
06 ‘cH, 


a-tocopherylhydroquinone a-tocopherylquinone 


CH, 


HO 


CHA Ag 
CH, 
CH, 


2,2,5,7,8-pentamethyl-6-oxychromane 

Further, a reversible oxidation product of «a-tocopherol C,,H;.0, (Boyer, 
RaBrNovitz, and Liebe, 1949). 

Chemical .methads for determination of tocopherols in common use at present 
are predominantiy those of Quaire and Harris (1948), Quatre (1948), for 
serum tocopherols those by Quatre, ScrimsHaw, and Lowry (1949). 

The international unit of vitamin E activity measured in the rat fertility 
test is 1 mgm synthetic d,l-«-tocopherol acetate dissolved in 100 mgm olive oil. 
It is not common, however, to express vitamin E activity in units. 

Since a-tocopherol is avaiizble both in natural d-form and as synthetic 
d,1-form (the point of asymmetry being the attachment of the side chain to the 
chromane nucleus) it would be of interest to know whether the d- and the 
d,l-forms are equally active biologically. M. L. Quatre (1952) has determinea 
the deposition in liver, body fat, skeletal muscle, and blood serum of rats after 
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feeding the two forms of a-tocopherol, free as well as acetates. According to 
QuairE, the storage of tocopherol is about twice as great for the d-form as for 
the d,l-form. The deposition of tocopherol in the tissues decreases in the order 
mentioned above. 

y-Tocopherol is much less efficient in causing storage of tocopherol as a. 
This is in agreement with earlier studies of Barnes, LunpBeRc, Hanson, and 
Burr (1943) and Lunpserc, Barnes, Clausen, Larsen, and Burr (1947) 
regarding the storage in depot fat of rats. 


(a) Deficiency symptoms 
The numerous symptoms of vitamin E deficiency may at present be classified 


in several ways, viz: 
1. According to the tissue affected. 
2. According to whether or how they are affected by certain changes of the 


basal diet, especially: 


(a) According to whether they depend upon the presence of easily autoxi- 
dizable fatty acids in the diet. 
(5) According to whether they can be counteracted by increase of dietary 


sulphur amino acids. 
(c) According to whether they can be more or less markedly counteracted 
by artificial redox substances such as methylene blue, or by other anti- 


oxidante. 
(d) According to whether they can be counteracted by tocopheryl quinone 


or .rcopheryl hy: lroguinone, simpler substituted oxychromanes and other 


substances relatively closely related to vitamin E. 
(e) According to how they are influenced by increase of several dietary 
components not belonging to the groups mentioned above, such as cholesterol, 


als 


inositol, Mn, factor 3, ete. 


3. If all vitamin E deficiency symptoms are not manifestations of the lack 
nto symptoms which are 


; 
i 
n 


of antioxidant effects, one might simply divide - m 
+ 


probably due to the lack of such effec 

It is evident that some of the above-mentioned ways of classification over- 
lap each other and suffer from lack of sufficient data to permit a clear cut 
presentation. Table 1 shows in condensed form how far a classification 
according to 2 is applicabie to a series of vitamin E deficiency symptoms on 


~ 


the basis of the data known to the reviewer. 
It must be borne in mind that in many cases the effects of the various sub- 


ich are not. 


stances compiled from the literature have not been eompared on an equimolar 


basis or with the same basal diet. 


(6) Brief discussion of symptoms with reference io Table | 


The “classical” symptom of vitamin E deficiency: reproduction failure in 
ts is not prevented by the omission of easily autoxidizable fat from the 
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diet (Dam, GRANADOs, and PRANGE, 1949), and therefore, is nut likely to be 
due to the formation of abnormal oxidation products of these substances. 
Since, however, the reproduction capacity of female rats is reduced merely by 
exclusion of fat from the diet (Evans, LEPKOvsKy, and Murpnuy, 1934), the 
possibility that vitamin E is concerned with the protection of essential fatty 
acids in the embryo might still be a point of interest. The possible role of 
sulphur amino acids in relation to this symptom seems not to be definitely 
clarified. The protective action of continuous feeding of methylene blue against 
this symptom has been reported from two laboratories (Dam and GRraNnapDos, 
1952; Markees, 1953), whereas Moore, SHarmMan, and Warp (1953a) failed 
to confirm it. According to MARKEES, methylene blue does not act when given 
to vitamin E depleted rats several times during pregnancy. This could signify 
that continuous feeding of methylene blue may act by protecting vitamin E, 
thereby delaying the depletion. In the experiments of Dam and GraNnapos 
(1952) and CurisTENSEN and Dam (unpublished) MB was effective also when 
the diet contained no added fat. 

Tocophery] quinone (GoLUMBIC and MatTrTiL1, 1940) and tocopheryl hydro- 
quinone (IsstpoRIDEs and MarTTIL1, 1951) as well as penta methyloxychromane 
(MaRKEES, 1953) have been found inactive against this symptom. 

Muscular degeneration originally studied with rabbits, guinea pigs, hamsters, 
young and adult rats, and with ducklings is very easy to develop in chicks 
(Dam, PRANGE, and SpNDERGAARD, 1952c). This symptom appeared even when 
the basal diet did not contain fat; methylene blue, vitamin C, NDGA and 
antabuse did not prevent it. However, the symptom is markedly counteracted 
by increase of dietary cystine. It is possible, therefore, that this symptom is 
connected with some abnormal metabolism of sulphur amino acids. BLAXTER, 
Brown, and MacDonacp (1953) have recently continued their studies on mus- 
cular dystrophy in calves (BLAXTER and Woop, 1952; BLaxter, Warts, and 
Woop, 1952; MacDonaLp, BLaxter, Watts, and Woop, 1952). With diets 
containing a small amount of «-tocopheryl acetate addition of cod liver oil or 
certain fractions thereof caused dystrophy. These fractions were those con- 
taining poly-unsaturated fatty acids. The authors conclude that the toxicity 
of cod liver oil to calves is due to its content of poly-unsaturated fatty acids, 
and not to any hypervitaminosis A or D; they suggest that the toxicity is a 
general effect of poly-unsaturation rather than of a single poly-ethenoid acid. 
Very important is the finding that the dystrophic muscles of calves did not 
contain less total tocopherols than normal muscles. 

In a further study (Baxter, Brown, Woop, and MacDona.p, 1953) on 
muscular dystrophy in calves caused by diets containing cod liver oil (and a 
smal] amount of «-tocopherol) these authors found a protective effect of methy- 
lene blue against the toxicity of cod liver oil. This effect was not associated 
with higher concentraticns of tocopherols in serum, muscle, liver or perinephric 
fat. When «-tocopheryl acetate was given by mouth, serum tocopherol in- 
ereased and protection was obtained. Ascorbic acid, ethyl gallate and biotin 
did not protect against muscular dystrophy caused by cod liver oil. 
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In connection with the effect of cod liver oil in producing changes which can 
be corrected by vitamin E it is worthwhile to remember that cod and other fish 
liver oils contain some vitamin E. The most recent figures for a-tocopherol in 
fish oils are presumably those found by Brown (1953) varying from 18 to 
45 mgm a-tocopherol per 100 gm. 

Creatinuria and muscular degeneration were found (in rabbits) by MaAcKENzIRE, 
ROSENKRANTZ, ULICK, and MiLHorat (1950) to be counteracted by tocopheryl 
quinone and the corresponding hydroquinone. The author discussed the 
activity of these substances in relation to a participation of them and vitamin E 
in an oxidation reduction system in the body. The same symptom as well as 
the accompanying increase of oxygen uptake in muscle homogenates have also 
been found to be counteracted by penta methyl-6-oxy-chromane (MARKEES, 
1953). 

Recently, FARBER, MiLMAN, and MitHorart (1953) have studied the effective- 
ness of several other substances related to tocopherol against muscular dys- 
trophy in rabbits. They found that tocopheramin, «-tocopheroxide and 
mercapto-tocopherol acetate are active against muscular dystrophy when given 
in sufficient doses. These substances are also active in the usual fertility test. 
Trimethyl-phytyl-benzoquinone and trimethyldihydrophytyl-benzoquinone 
given in high doses were active in preventing dystrophy in spite of their in- 
effectiveness in preventing sterility in female rats. The authors emphasize the 
difference between vitamin E activity measured by the effectiveness against 
muscular dystrophy in rabbits and impaired reproduction capacity in female 
rats. 

MACKENZIE and Mackenzie (1953) suggest that the hydroquinone is specifi- 
cally active against muscular dystrophy: a-tocopherol may be converted into 
the hydroquinone in vivo, thus functioning as a provitamin for the latter, 
whereas the hydroquinone is not converted into «-tocopherol which prevents 
sterility. 

Degeneration of nervous tissue associated with paralysis in adult rats (RINGSTED, 
1935; Eryarson and Rixestep, 1938) has been re-investigated by Ervarson 
(1953). Unfortunately, his demonstration of the acid fast staining fluorescent 
substance previously found by other investigators (e.g. WoLF and PapPEn- 
HEIMER, 1945) in nervous and other tissue of vitamin E deficient animals 


receiving easily autoxidizable fatty acids in their diet, was not studied in 
relation to the components of the diet. Ervarson is of the opinion that the 


muscular degeneration seen in adult rats is a consequence of the impairment 
of the nervous system; he argues against other authors, e.g. TELFoRD (1941), 
Wor and PAPPpENHEIMER (1942), who believe that the muscular degeneration 
is primary. The development of neuromuscular damage in rats on vitamin E 
deficient, fat-free diets, was shown by Mackenziz, Mackenzie, and McCoLtuM 
(1939). 

Encephalomalacia and exudative diathesis in chicks as well as brown adipose 
tissue and peroxidation of the depot fat in chicks and rats all depend upon the 
presence of easily autoxidizable fatty acids in the diet. The same applies to 
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incisor depigmentation in rats. These symptoms are uninfluenced by cystine but 
to varying degree ameliorated by NDGA and methyiene blue. Vitamin C 
(0-3 per cent) gives fairly good protection against exudative diathesis and somé 
protection against encephalomalacia, brown adipose tissue and peroxidation of 
depot fat. Several of these symptoms are also counteracted by such anti- 
oxidants as antabuse and by sulphaguanidin (Dam, Krusz, PRANGE, and 
SoNDERGAARD, 1948, 1951; Graxapos, AAES-JORGENSEN, and Dam, 1950; 
AakEs-J@RGENSEN, Dam, and Granavos, 1951). It seems justified, therefore, 
to assume that these symptoms are caused in some way by the autoxidation 
in vivo of ingested easily autoxidizable fat in the absence of vitamin E as 
antioxidant. 

The exudative diathesis does not occur when fat is not present in the diet 
(Dam, 1943, 1944). (An oedematous condition of a different type may occur in 
chicks reared on fat-free diets, but this condition is unrelated to vitamin E 
deficiency (REISER, 1950: Dam, Prance, and SoypERGAARD, 1952a,c). The 
oedemas reported by Birnp and CuLton (1940) may be of this nature but aggra- 
vated by the ingestion of small amounts of cod liver oil.) Both cod liver oil and 
lard may provoke the exudative diathesis. The effect is connected with the 
highly unsaturated fatty acid fraction. The saturated acids, oleic acid, and the 
non-saponifiable fraction are inactive. The total fatty acid fraction from 
linseed oil may produce exudative diathesis in chicks, but cod liver oil is the 
most active among the fats mentioned, and when it is used a yellow-brown 
colour is seen in the affected adipose tissue after the exudate has been re- 
absorbed. If the highly unsaturated fatty acids are autoxidized (in vitro) to 
such an extent that the iodine value decreases sufficiently, the fat will not 
cause the disease when ingested. 

The circumstance that the disease primarily affects adipose tissue facilitates 
an examination of the a‘fected tissue for abnormal oxidation products of fatty 
acids, for instance, lipoperoxides. Dam and Granapos (1945a) undertook such 
an examination using the iodometric method of Krxc, Roscuen, and IRvix 
(1933), slightly modified for the purpose. The diet contained 5 per cent cod 
liver oil. 

It was found that the symptom began approximately at the time when the 
presence of peroxides could be detected whereas higher peroxide values were 
found in the later stages of the disease, viz. when the yellow-brown colour of 
the fat appeared. In chicks receiving vitamin E or no fat the adipose tissue 
did not contain peroxides. Dam, Prancr, and SonpeRGAARD (1952a) found 
peroxides in the adipose tissue of chicks, reared on vitamin E deficient diets 
containing 10 per cent lard and no cod liver oil. 

The question then arises whether the formation of abnormal oxidation 
products of fat is the cause of the exudative diathesis or merely a sign of the 
disappearance of vitamin E from the tissue. (It must be borne in mind that 
the initiation of autoxidation of fat in the adipose tissue will also hasten the 
disappearance of vitamin E.) As the matter stands at present, the author 
considers the first alternative to be likely because the disease has not been 
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observed in the absence of dietary highly unsaturated fatty acids, even when 
the diet contains a substance such as 2: 6-dichlorophenolindophenol which 
oxidizes free tocopherols. The explanation may be that scme primary autoxida- 
tion product of the fatty acids (not necessarily the peroxides, but perhaps more 
likely a free radical) reacts with substances in the wall of the capillaries, and 
thereby damages the latter. Methylene blue which counteracts the onset of 
exudates may act directly as antioxidant, but it also delays the depletion of 
vitamin £ in the fat tissue (Dam, Kruse, PRANGE, and S@NDERGAARD, 
1951). 

Encephalomalacia is favoured and exudative diathesis depressed by a diet 
containing high lard and high protein. The search for peroxides in the lipids of 
brains from chicks with encephalomalacia has, hitherto, been unsuccessful. 
(This does not mean, however, that autoxidation has not occurred, since it is 
known that certain difficulties are involved in the determination of peroxides 
in phosphatides, which constitute a large part of brain lipids.) Diets which 
produce encephalomalacia in chicks will cause muscular dystrophy in duck- 
lings (PAPPENHEIMER and Goerttscu, 1934) and patchy necrosis of the gizzard 
in turkey poults (JUNGHERR and PAPPENHEIMER, 1937). 

The yellow-brown fat in the adipose tissue shows a yellow-green fluorescence 
under the ultraviolet lamp. It has been demonstrated (DAM and GRANADOs, 
1945a) that the development of yellow-brown fat is associated with peroxida- 
tion of the fat in vivo. The fatty acids from cod liver oil favour the development 
of the brown fat much more than those from lard (GranapDos and Dam, 1945a). 
The yellow-brown colour of the fat is due to the presence of two brown com- 
ponents, one of which is fat-soluble while the other is insoluble in fat solvents 
as well as in water. The non-fat-soluble component stains acid-fast with fuchsin 
and resembles thereby the pigment “ceroid” (Lite, Dart, and SEBRELL, 
1941; Gyérey and 1942; Asupury, SEBRELL, Dart, and 
Lowry, 1942) which occurs in liver, lymph nodes and other tissue of rats 
reared on diets causing liver damage and containing cod liver oil. There is, in 
fact, no definite distinction between “‘ceroid” and the non-fat-soluble com- 
ponent of the brown adipose tissue. 

A method for the determination of fat-peroxides based on the oxidation of 
colourless leuco-dichloro-phenol-indophenol to the coloured compound was 
developed by HarrMann and Giavryp (1949), and adopted for use on frozen 
sections of adipose tissue (GLAvIND, GRanNapos, Harrmann, and Dam, 1949). 
By this method it was found that the initial stage in the development of the 
pigments is characterized by a homogenous peroxidation of the fat content of 
some of the cella, but the fat-insoluble component which appears as granules 
does not necessarily contain peroxides (GRaNaDOos and Dam, 1945b). 

The pigments in the yellow-brown fat tissue must have originated from the 
abnormal oxidation of the highly unsaturated fatty acids occurring in the 
adipose tissue. The fat-soluble component must represent the least transformed 
oxidation products while the non-fat-soluble component consists of polymeriza- 
tion products beyond the peroxide stage. Cod liver oil autoxidized in vitro will 
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also give rise to yellow-green fluorescent fat-soluble and non-fat-soluble reaction 
products, the latter staining acid-fast with fuchsin. 

The reason why, in rats, the haemorrhagic and exudative stages do not occur 
—contrary to what is the case in chicks—could be sought in differences in the 
fine structure of the capillaries in the two species. Further histochemical studies 
must decide whether this explanation is correct. 

Fasting does not increase the tendency to autoxidation of body fat in rats. 
Highly unsaturated fatty acid as well as tocopherol are diminished much less 
than total fat (CHEVALLIER, Bore, SCHNEIDER, and WaGNER, 1950). 

The depigmentation of the incisors of rats was first described by Davies and 
Moore (1941). The fact that fat is necessary for the appearance of the symptom 
was demonstrated by Granapos and Dam (1945b). The normal brown pigment 
of the incisors is a ferric compound, probably ferric phosphate. The maxillary 
incisors, which are normally more coloured than the mandibular, are the first 
to lose their colour when the rats are placed on a vitamin E deficient diet 
containing suitable fat. Not only cod liver oil but also lard will cause 
depigmentation of the incisors. Contrary to this, lard is much less effective in 
causing brown colouration of the adipose tissue (if it does so at all). It is the 
highly unsaturated fraction of the fatty acids which cause the depigmentation 
of the incisors in vitamin E deficiency (Dam and Granapos, 1945b). The iron 
content of the enamei decreases very much and manganese rises somewhat 
under the influence of the “depigmenting” diet (Dam, GRraNnapos, and 
MALTESEN, 1950). The effect is probably in seme way related to the lack of 
an antioxidant effect against autoxidation of fatty acids in the enamel organ. 
The beneficial effect of methylene blue against incisor depigmentation in rats 
was not verified by Moore (personal communication). 

The brown colouration of the uterus in female rats originally found by Martin 
and Moore (1936) was seen by Dam and Granapos (1945a) also in rats receiving 
no dietary fat, although it was less marked than when cod liver oil was given. 
It would, a priori, seem likely that this symptom is due to the same substances 
as those responsible for the brown adipose tissue; in that case, however, the 
uterus should be able to retain its content of highly unsaturated fatty acids 
long enough to enable the autoxidation prcducts to accumulate during the 
period of vitamin E deficiency even if no fat was given. This point has not 
been sufficiently elucidated yet, but is in agreement with the findings of 
Hoimay and GREENBERG (1953) according to which reproductive tissue lipids 
have a particularly high content of polyunsaturated acids. Moore and Wane 
(1937) suggested that oxidized protein is contained in the brown pigment. 
Moore, SHARMAN, and Warp found (with diets containing cod liver oil and 

lard) that the brown colouration of the uterus could be prevented by methylene 
blue (1953a), thiodiphenylamine, Bindschedler’s green (1953b) malachite green 
and “new methylene blue” (1953c), the effect of these substances must be 
related to their redox properties, probably in connection with an antioxidant 
action. MARKEES (personal communication) found protective effects with 
tocopherylquinone. 
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Very interesting is the demonstration by GyOrey and Rose (1948) and Ross 
and Gyérey (1950) that allorane and dialuric acid produce haemolysis in rate 
reared without vitamin E. The symptom in alloxan poisoned rats was originally 
found to be aggravated when the diet contained lard instead of no fat. The 
haemolysis test may be carried out in vitro. Rose and GyGroy (1952) found 
that hydrogen peroxide may be used instead of dialuric acid to effect the 
haemolysis in vitro. The effect of both of these agents is counteracted by adding 
a-tocopherol or catalase in vitro. Also certain antioxidants such as the other 
tocopherols or substituted hydroquinones are active whea added in vitro. The 
symptom of easy haemolysis with dialuric acid or hydrogen peroxide must be 
due to lack of an antioxidant effect. Continuous feeding of methylene blue was 
found in the reviewer’s laboratory, but not in Moore’s, to minimize the haemo- 
lysis (CHRISTENSEN and Dam, 1951; Hearp, Moore, and SHarman, 1952). 
Rose and Gy6rey (1952) reported that when administered in vivo the effective- 
ness of the tocopherols in inhibiting dialuric acid haemolysis in vitro decreased 
in the order a, 8, y, 5, similarly to their activity measured by foetal resorption. 

The circumstance that the antioxidant activity of the tocopherols in vitro 
increases from « to 6, whereas the biological activity as measured in the fertility 
test with female rats decreases in the same order is no hindrance for the assump- 
tion of an antioxidant effect in vivo. Barnes, LUNDBERG, Hanson, and Burr 
(1943) and LunpBeEeRG, Barnes, CLAuSEN, Larsen, and Burr (1947) have 
shown that the biopotencies of the various tocopherols as antioxidants (meas- 
ured in the rendered fat of the experimental animals (rats)) is related to the 
amounts deposited in the fat, « being deposited to a larger extent than y. 
Dam and Granapos (1945) found that when fed (as acetates) in the same 
relatively small doses a-tocopherol prevented the exudative diathesis and 
peroxidation of body fat in chicks whereas y-tocopherol did not. 

Hepatic necrosis (Scuwanrz, 1944; GydOrey, 1947) and fatal lung haemorrhage 
(Hove, CopeLanp, and SatmMon, 1949) occur in vitamin E deficiency under 
certain dietary conditions, partly in relation to the amount and quality of the 
protein. 

Fat with a high content of highly unsaturated fatty acids seems necessary 
for the production of the two symptoms in rats within 10 weeks (Dam and 
GRANADOS, 1952) or of liver necrosis within 172 days (McLean and BEVERIDGE, 
1952). The latter authors are inclined to expect that liver necrosis might have 
developed on fat-free diets if the feeding period had lasted longer. Schwarz 
(personal communication) has developed liver necrosis in rats on fat-free diets. 

When the dietary protein consists of “damaged” casein (Sch Wakz, 1944) or 
is provided by certain types of yeast (GyGrey, Rose, ToMaReLLI, and GoLp- 
BLATT, 1950) the incidence of hepatic necrosis is particularly high. 

Low sulphur amino acids, especially low cystine, is one of the conditions for 
the development of hepatic necrosis (Hock and Fixx, 1943; G Lynn and 
Himswortu, 1944; GydOrey and 1949; Scuwarz, 1952b). 

A more detailed review of this subject has been given by Himswortu (1950) 
and McLean and BevERIpGE (1952). However, the dietary conditions are still 
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more compzicated, since Scuwarz (1951, 1952a) has demonstrated the existence 
of a “factor 3” in non-necrogenic yeast and in cesein which protects against 
the symptom. The factor is not identical with cystine or methionine, which. 
under suitable conditions will protect against liver necrosis in vitamin E 
deficiency. Lixpan and Work (1951, 1953) have shown that both reduced and 
total glutathione as well as ascorbic acid are very much lowered in the necrotic 
livers of vitamin E deficient rats. While cystine protects, ascorbic acid does 
not. The liver necrosis-lung haemorrhage syndrome also occurs in chicks 
(Dam, PRANGE, SONDERGAARD, 1952c and unpublished data). 

It might be that the effect of vitamin E in preventing liver necrosis consists 
in the protection of cystine, glutathione and some other sulphur containing 
metabolites essential to the normal state of the liver. The destruction of these 
metabolites may be accelerated by autoxidizable fat. 

Recently, Linpan and Work (1953) have found the same changes in reduced 
glutathione, ascorbic acid, non-protein and total nitrogen and glycogen in 
liver lobes rendered necrotic by circulatory congestion as previously found in 
dietary necrosis. They suggest that these chemical changes could be the result 
of changes occurring in the dead or dying liver, and not necessarily be specific 
consequences of the dietetic lesion. However, since cystine protects, it is likely 
that the protection of sulphur compounds by vitamin E is essential to the 
prevention of the symptom. 

In connection with the role of vitamin E in maintaining the normal state of 
the liver, the protective effect against damage of this organ by carbon tetra- 
chloride and pyridine is of interest (Hove, 1948, 1953a). 

Hove (i1953a) found methylene blue, and to a lesser degree, yeast nucleic acid, 
to provide protection against pyridine poisoning. Pyridine was found to 
catalyze the oxidation of lard and other fats and to depress the antioxidant 
effect of «-tocopherol. 

Hove and Harprin (195la,b) found that the improvement obtained by an 
18 per cent casein level instead of a 10 per cent level, in vitamin E free diets 
for CCl, poisoned rats, could be masked by adding both cystine and vitamin B,, 
to the low casein diet. In the absence of these factors the vitamin E requirement 
is increased and creatine formation was dependent on vitamin E. 

Hove (1953b) found that the toxic symptoms caused by tri-o-cresy]-phosphate 
reported by other authors to resemble vitamin E deficiency was more efficiently 
counteracted by high dietary casein than by vitamin E. The substance acted 
as a pro-oxidant. 

Moore (1940) found that the feeding of vitamin A to rats (1,000i.u. A per 
week in the form of halibut liver oil on a diet containing 10 per cent lard) 
resulted in higher vitamin A levels in the liver when the diet contains vitamin 
than when the diet is vitamin E-free. This effect has been confirmed in several 
laboratories. Hickman, Kacey, and Harris (1944) found a-, f-, and y-toco- 
pherols equally active as regards the vitamin A sparing effect. They also found 
that the utilization of vitamin A is more efficiently increased by free tocopherol 
than by its esters. This observation was also made by Mies, Ertckson, and 
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MatTTILL (1949) who further found that increase of the vitamin E content 
beyond a certain level results in suboptimal utilization of vitamin A. 

Dam, Prance, and SoNDERGAARD (1952a,b) found no significant effect of 
vitamin E on vitamin A storage in the liver of chicks within 5 weeks and rats 
within 14 weeks when the diet contained no cod liver oil (vitamin A being 
given as natural ester), whereas the effect was marked on diets containing cod 
liver oil. They also found that the vitamin A level in the liver of rats decreased 
from the 5th to the 14th week when the cod liver oil containing diet was E-free, 
and that methylene blue, thiodiphenylamine, and antabuse, but not cystine 
and vitamin C, increased vitamin A storage to « very high degree. 

All these observations are in agreement with the assumption of an in vivo 
destruction of vitamin A coupled to the autoxidation of highly unsaturated 
fatty acids in the absence of antioxidants. 

Hove and Harris (1946) have shown that vitamin E increases the utilization 
of a suboptimal level of essential fatty acids in the diet of rats. The explanation 
is apparently that vitamin E protects these metabolites against abnormal 
oxidation. Therefore, one may conclude that when highly unsaturated 
fatty acids are given in small amounts they disappear in the absence of 
vitamin E. When given in high amounts, under the same condition, abnormal 
oxidation products may accumulate or give rise to abnormal changes in the 
tissue. 

Degeneration {cloudy swelling) of the tubuli contorti in the rat kidney was 
found by Martin and Moore (1939). Moore, Saarman, and Warp (1953a) 
found (with diets containing easily autoxidizable fat) that methylene blue 
prevents this symptom. Lack of essential fatty acids has been reported to 
give rise to a similar symptom (BorLaND and Jackson, 1931; Moore, 1937). 

Necrotizing arteritis in dogs produced by 4 combination of high fat diet and 
experimental renal insufficiency (RussELL T. Homan, 1950) is reported to be 
dependent upon vitamin E deficiency and presence of unsaturated fatty acids 
apparently accumulating in a certain region of the convoluted tubuli. 

TapreL (1953) has found that a-tocopherol inhibits haematin catalyzed 
oxidations. 

Summing up the bulk of information available, the following main conclusions 
may be drawn: 

Certain vitamin E deficiency symptoms appear only when the diet furnishes 
a certain amount of easily autoxidizable fatty acids. These symptoms can be 
more or less completely prevented by antioxidants not belonging to the 
vitamin E group. It is therefore likely that they are caused by autoxidation 
products of the autoxidizable fatty acids in viv, and that in this case 
vitamin E acts by inhibiting the ix vivo autoxidation process. 

The effect of easily autoxidizable fat in producing these symptoms must be 
distinguished from the effect of such fatty acids in causing a rapid disappearance 
of vitamin E, an effect which will, probably, accelerate or aggravate all vitamin E 
deficiency symptoms. In exerting its antioxidant effect in the chain reaction 
by which the highly unsaturated fatty acids autoxidize free tocopherol is 
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supposed to be converted via its free radical and other stages inio irreversible 
oxidation products. 

Other symptoms occur even when the diet does not ccntain easily autoxi- 
dizable fatty acids. Some symptoms may be prevented by increasing the’ 
amount of dietary sulphur amino acids. In this case there is the possibility 
that vitamin E acts by protecting certain sulphur metabolites against 
destruction. 

Symptoms which do not fall within the above-mentioned groups may be 
manifestations of the lack of other functions of vitamin E. 


(c) Vitamin E and enzymes 


Variation of the activity of enzymes due to vitamin E deficiency has been 
studied by several authors, especially after Hovcurn (1942) reported an 
increased succinic dehydrogenase activity in muscles of dystrophic hamsters. 
Bastnsk1 and HummMet (1947) failed to confirm this report and found that 
in vitro additions of tocopherol phosphate or tocepherol succinate inhibited the 
succinic dehydrogenase of normal and dystrophic muscle to an equal degree. 
Ames and Ristey (1949) found the phosphates of a-, y-, and 6-tocopherol 
equally active inhibitors of the succinic dehydrogenase system and maintain 
that the effect is due to precipitation of calcium. JacoBi1, RosENBLATT, WILDER, 
and Morcu tis (1950) also found the activity of succinic dehydrogenase un- 
changed in muscles from rabbits with incipient dystrophy. Jacobi, ROosEN- 
BLATT, CHAPPELL, and Morcutis (1950) suggest that the inhibiting effect of 


a-tocopheryl phosphate on the succinoxidase system of rat liver and muscle is 
located on some unidentified mediator operating between cytochrome b and 
cytochrome c. This group of authors considered the possibility that a-toco- 
pheryl phosphate might act by precipitating Ca; they therefore omitted Ca 
from the system. In another study Jacopr, and Moreutis (1950) 
argued against the possibility that the effect of a-tocopheryl phosphate is a 
non-specific detergert action. 

Antithromboplastic activity of «-tocopheryl phosphate has been reported by 
Kay and Batwa (1950). It is, however, still doubtful whether the effects of 
water-soluble tocopheryl esters in vitro have any relation to the physiological 
function of vitamin E. 

Inhibition of hyaluronidase by tocopheryl phosphates (a more efficient 
than y, y more efficient than 6) and by «-tocoherol was reported by MILLER 
and Dessert (1949). Inhibition of lipoxidase by tocopherol was discussed by 
Houtman (1947). 

BarBer, Basinski, and Matricy (1949) found the aspartic glumatiec trans- 
aminase activity decreased #n muscle homogenates from dystrophic guinea pigs 
and rabbits. Decreased liver esterase activity in vitamin E deficient rats was 
reported by KasLBEEK and VAN DER MrER (1950). Decreased activity of 
alkaline phosphatase in testes and adrenals of rabbits reared on vitamin E 
deficient diets or on natural diets plus cod liver oil was reported by CoRMIER 
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(1948). High amounts of xanthine oxidase were found in liver homogenates 
from vitamin E deficient rabbits 1953). Rericnert and WestTerR- 
FIELD (1953) confirmed this observation and found that the increase of xanthine 
oxidase activity in the liver was not accompanied by an increase of molybdenum. 
In a series of other tissues from vitamin E deficient rabbits xanthine oxidase 
was not detected. 


(d) Vitamin E in the human 


The content of vitamin E (total tocopherol and a-tocopherol) in common foods 
has been determined by Harris, Quarre, and Swanson (1950). On the basis 
of their results they estimate the average daily per capita consumption in the 
U.S. to be 14mg d,]-a-tocopherol. The richest sources are certain of the 
vegetable oils, cereal products and eggs are next in order of importance, animal 
products are poor sources. 

The content of tocopherol in human milk was determined by Harris, 
Qvalire, and O’Grapy (1952). The tocopherol content was correlated with the 
fat content of the milk. The values were between 0-10 and 0-48 mg per 100 ml 
milk with an average of 0-24 mg per 100 ml or about 80 wgm per gm of fat. No 
loss of tocopherol occurred on pasteurizing human milk. Human colostrum 
contained 1-3 to 3-6 mg per 100 ml (Quarrg, 1947). 

The occurrence of symptoms in humans traceable to lack of vitamin E is 
still a problem. The great difficulty in providing a satisfactory control material 
has rendered it impossible to demonstrate vitamin E deficiency as a factor in 
habitual abortion. Vitamin E therapy in muscular diseases has not been success- 
ful. Claims for a beneficial effect of vitamin E in heart disease have been met 
with scepsis. Discussions by various authors of diseases in relation to vitamin E 
are found in the Annals of the New York Academy of Science (1949). A certain 
interest has focused around rheumatic diseases (ANT and Cyan, 1949), Dupuy- 
tren’s contracture (Kirk and Curerri, 1952), periferal venous disease (BURGESS 
and Prircuarp, 1948; Jessex, Guavinp, Hartmann, and Dam, 1951) and 
retrolental fibroplasia (OWENs and Owens, 1949) without claiming vitamin E 
deficiency as a primary cause of these diseases. 

The tocopherol level in the blood serum of pregnant women increases from 
about the 17th week until parturition, viz., from values of about 1 mgm per 
cent to 1-5 mgm per cent (ScrrimsHAaW, GREER, and GooDLAND, 1949). Never- 
theless, the level in the serum of the newborn is below that of normal adults 
(Moyer, 1950; Wricut, Firer, and Mason, 1951). In this respect vitamin E 
behaves like other fat-soluble vitamins. Mason, Dyu, and Fruer (1952) deter- 
mined tocopherol in various tissues of premature and full term infants and in 
individuals 13 to 17 years of age as well as in older individuals. The values 
were low at birth compared to later stages of life. 

Gydérey, Cocan, and Rose (1952) studied the haemolysis by dilute hydrogen 


peroxide of erythrocytes of newborn. They found that the haemolysis could be 
prevented by vitamin E in vitro or in vivo (by mouth to the newborn infant). 
However, even with high daily doses of vitamin E (500mgm of mixed 
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tocopherols) given the mother during the last weeks of pregnancy the 
haemolysis test in the newborn remained unaltered. 

Geriéczy (1949) has claimed a prophylactic as well as a curative effect of 
vitamin E against scleroedema in premature newborn. According to this author, 
scleroedema has been frequently observed in Hungary in the immediate post-war 
period. 

MixxKowskI (1950) has suggested low vitamin E as playing a role in capillary 
fragility in the premature newborn. The claim that vitamin E influences blood 
coagulation has prompted clinical studies in patients with vascular disease 
(WaaneR, 1952). Gem. (personal communication) has found that the 
coagulation time (not the prothrombin time) determined by the method of 
HoweEti-Gram (GRaM, 1921) is actually somewhat longer in older patients 
when a-tocopherol acetate (150 to 200 mgm per day) is administered orally. 


(e) Vitamin E in farm animals, fur animals, etc. 


Death from heart failure after calving has been reported in cows reared with 
lew vitamin E (GuLLickson, 1949), although such diets did not greatly diminish 
reproduction capacity. Goats have been carried through several generations 
on vitamin E low diets (UNDERBJERG, Tuomas, and Cannon, 1938). 

An increase of milk production and fat content of the milk of dairy cows as 
a result of fortifying their ration with a-tocopherol acetate was reported by 
Harris, Swanson, and Hickman (1947). Guiiickson, Fircn, and GILMoRE 
(1948) failed to find such an effect. 

In Denmark, NIELSEN, Fisker, PEDERSEN, PRANGE, SONDERGAARD, and 
Dam (1953) conducted similar studies through two winter seasons. Addition of 
2 gm d,l-«-tocopherol acetate per cow per day to two typical Danish winter 
rations did not result in an increased yield of milk or milk fat. The keeping 
quality of the butter was practically uninfluenced or possibly slightly reduced 
by the supplementation which caused a rise in the tocopherol content of the 
butter from 10 to 12 gm per gm in the unsupplemented group to 23 to 26 wgm 
per gm in the supplemented group. These results are in agreement with those 
of Swartiine (1949) who found that direct incorporation of a-tocopherol 
(2-2 to 10 mgm per 100 gm) into butter reduced the keeping quality. Transfer 
of ingested vitamin E from cows to the calf via colostrum was demonstrated 
by ParrisH, Wise, Latscuar, and Hucues (1950). 

Symptoms due to the feeding of cod liver oil or other fat rich in highly un- 
saturated fatty acids have been found in several instances. FERRANDO, 
CHENAVIER, and Cormier (1949) demonstrated a decrease of the tocopherol 
level in the blood of dairy cows and decrease of the fat content of their milk 
as a consequence of feeding cod liver oil. The development of dystrophy in 
calves fed cod liver oil and a limited amount of tocopherol was studied by 
BLAXTER et al., as already mentioned (p. 184). 

ROBINSON and Cory (1951) have found brown fat in pigs reared on a vitamin 
E-deficient diet containing cod liver oil. Exudative diathesis in pigs reared 
under similar conditions has been reported by Garton and Narra.ry (1953). 


194 


: 
tee 


References 


Yellow fat and. oedema of the fat tissue have been found in mink reared on 
fish scrap (HARTSOUGH aad GorHAM, 1950). This fat tissue stains also acid-fast 
with fuchsin (Mason and Hartsove, 1951). Vitamin E prevents the develop- 
ment of this symptom in mink and linolenic acid provokes it (Lator, LEoscHKE, 
and ELVEHJEM, 1951). The disease has been studied further by Datscaarp- 
MIKKELSON, KvorNING, MoMBERG-JORGENSEN, PETERSEN, and ScCHAMBYE 
(1953). 
Encephalomalacia has been found in chicks under field conditions (PaPPEN- 
HEIMER, GOETTSCH, and JUNGHERR, 1939). Also the exudative diathesis has 
recently been reperted to have occurred in chicken farms in New Zealand 


(THompson and Sairu, 1953). 
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IV. VITAMIN K 


THE group of vitamins K comprises the two naturally occurring representatives 
vitamins K, and K, and a series of simpler compounds which may act as 
vitamin K substitutes, especially in simple vitamin K deficiency. 

The number of such compounds, particularly those with low activity is very 


large. They are reviewed for instance in: 

H. R. RosenserG: Chemistry and Physiology of the Vitamins, Interscience 
Publishers, 1942. 

Hans Vocei: Chemie und Technik der Vitamine, 3. Aufl. 1. Bd., bearbeitet 
von H. Knosiocu, Ferdinand Enke Verlag, Stuttgart, 1950. 

H. J. Deven, Jr., The Lipids, Their Chemistry and Biochemistry, Vol. I, 
Interscience Publishers, 1951. 

The reviews also deal with the general chemistry and the synthesis of these 
compounds, as well as of the natural K vitamins. 

The vitamin K active compounds listed below are limited to vitamins K, 
and K, menadione and certain therapeutically important substances. Phthiocol, 
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which is relatively weak, is mentioned because of its historic interest as the 
first known instance of a naphthoquinone derivative with vitamin K activity. 
Further, those substances which are sometimes mentioned in the literature as 
“K” with a subscript are listed. This way of designating artificial vitamin K 
substitutes is not very practical, however, because of the large number of 
compounds entitled to designation in similar way. 

A systematic study of synthetic substances of the vitamin K, and K, types, 
but with varying length of the side chains, has been made recently by IsLER 
et al. (1953). The total synthesis of vitamin K, (with synthetic Isophytol) 
was published by IsLER (1954). Biologically it did not differ from natural 
vitamin K,. 

Vitamin K,, 2-methyl-3-phytyl-1,4-naphthoquinone, Phylloquinone. 

Vitamin K,, 2-methy]-3-difarnesyl-1,4-naphthoquinone. 

2-methyl-1,4-naphthoquinone, Menadione, Menaphthone, ““K,”. 

2-methyl-1,4-naphthohydroquinone diacetate, “K,’. 

2-methy!-4-amino-Il-naphthol hydrochloride “K,’’. 

2-methyl-1,4-diamino-naphthalene dihydrochloride, “K,”. 

2-methyl-4-amino-l-naphthol hydrochloride “K,’. 

Vitamin K, oxide. 

Menadione sodium bisulphite. 

Tetrasodium or diealcium salt of 2-methyl-1,4-naphthohydroquinone (Syn- 
kayvite, Synkavit). 

2-methy]-3-hydroxy-1,4-naphthoquinone, Phthiocol. 

Besides the substances mentioned, also «-naphthol with a methyl group in 
the 2 or 3 position is relatively active as vitamin K. The same applies to the 
corresponding methyltetralones. 

The indications of potency of the various more or less vitamin K active com- 
pounds found in the literature refer mostly to determinations carried out in the 
early days of vitamin K research and are not very accurate. 

The potencies per mol of vitamin K,, K,, menadione and the easily hydrolyzed 
esters of its hydroquinones seem to be of the same order of magnitude when 
tested against simple alimentary vitamin K deficiency in chicks, allowing a 
sufficient time for the action to develop. When measured } to | hr after the 
intravenous administration, vitamin K, is more active than menadione (Dam 


and SONDERGAARD, 1953). 

Biological assay: The method of determining vitamin K activity used in the 
reviewer's laboratory (Dam, Kruse, and SonDERGAARD, 1951) is based on the 
determinaticn of the prothrombin time in blood from the carotid artery of 
chicks before and 20 hr after the administration of one single dose of the sub- 
stance to be tested, menadione being used as standard substance. Because of 
the different velocity of action found for vitamin K, and menadione, it may 
not be strictly correct to use as standard another form of vitamin K than the 
one contained in the material to be tested, at least not without indication of 
the assay method used. Considerations of this nature have been mentioned by ° 
ALMQUIST (1952). 
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(a) Occurrence 


As commonly known, vitamin K, occurs in green leaves associated with chloro- 
phyll in the chloroplasts. For this reason the designation Phyiloquinone was 
introduced by Karrer on the reviewer’s suggestion (KazRER and GEIGER, 
1939). 

Vitamin K, occurs in putrified material, where it is formed in bacteria. A pure 
culture of the spore-forming soil bacteria, Bacillus brevis, has been shown to 
contain this form of vitamin K (TisHLER and Sampson, 1948). 

Phthiocol was originally isolated from Mycobacterium tuberculosis by 
ANDERSON and Newman (1933), by a procedure involving alkali treatment. 
Francis, MapINaveiT1a, MacTurk, and Snow (1949) have isolated from the 
same bacteria a substance resembling vitamin K, but apparently containing a 
longer side chain. They found that on alkaline hydrolysis this substance yields 
phthiocol. It is therefore possible that phthiocol is not present as such in 
Mycobact. tuberculosis. 


(b) Determination of X-vitamins by chemical and physical methods 


These rather numerous methods have been reviewed by the author up to the 
year 1948 (Das, 1948). The most convenient chemical method for vitamin K, 
is colorimetry of the blue colour developed with sodium diethyldithiocarbamate 
in alkaline alcoholic solution (IRREVERRE and Sutiivan, 1941). However, the 
extraction from biological material and purification of such extracts before the 
colour reaction involve considerable difficulty. 

Menadione is relatively easy to determine in pharmaceutical preparations, 
for instance by the method of Scup1 and Buns (1941), based on the development 
of a yellow colour with cysteine and sodium hydroxide, or the reaction with 
dinitrophenylhydrazine by Novetit (1941), modified by Menorrt (1943). 


(c) Mode of action 


In the early days of vitamin K research, the conception of blood coagulation 
was still the classical Schmidt-Morawitz-Arthus-Hammarsten theory according 
to which thromboplastin (thrombokinase) acts upon the precursor prothrombin 
in the presence of calcium to form the enzyme thrombin which transforms 
fibrinogen into fibrin. Vitamin K was said to be necessary for the formation of 
prothrombin. 

To-day the concept of blood coagulation is more complicated. It is still 
assumed that the process occurs in two stages: the formation of thrombin from 
its precursor prothombin and the transformation of fibrinogen into fibrin by 
means of thrombin. Thromboplastin is believed (OWREN and Aas, 1951) to act 


upon a “new” plasmatie factor “proconvertin” (KoLLErR’s factor VII) to form 


“convertin” which converts prothrombin into thrombin. This latter process is 
accelerated by means of “accelerin” formed from a plasmatic factor “‘pro- 
accelerin” by the action of thrombin. 

Before the advent of proconvertin Dam and SonpERGAARD (1948) showed 
that at least two plasmatic coagulation factors are lacking in vitamin K 
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deficiency. In the just mentioned terminology this will mean, for reasons to be 
described later, that vitamin K is necessary for the formation of prothrombin 
and proconvertin. 


(d) Where the action takes place 


That the action of vitamin K takes place in the liver has long been assumed, 
since liver damage or exclusion of the liver from the circulation causes a fall 
in prothrombin activity* which cannot be remedied with vitamin K. 

Recently, Lascw and Roka (1953) have reported that liver mitochondria 
form prothrombin, preferably at pH 7-9 and in an atmosphere of oxygen. They 
further report that the yield of prothrombin depends upon the amounts of 
proconvertin (“factor VII’) and vitamin K available. The amount of pro- 
convertin should decrease as prothrombin is formed. These reports still await 
confirmation. It seems somewhat surprising that the amount of prothrombin 
formed, but not the velocity of its formation, is said to increase with the amount 
of vitamin K present. 


(e) Antagonism between vitamin K and anticoagulants of the dicoumarol type 
Low prothrombin activity is produced by derivatives of 3-hydroxy-1,4-naphtho- 
quinone, hydroxycoumarine and indanedione containing the configuration 
—OC.(R)C=C(OH)— depending upon the nature of the radical R. This charac- 
terization of the strueture of anticoagulants of the dicoumarol type is due to 
MENTZER (1948) and Smrru (1950). 

Mann, Many, and Botiman (1950) found that under given conditions, in 
rats, dicoumarol decreased proconvertin (their ‘‘co-thromboplastin’’) much 
more than prothrombin, while vitamin K deficiency produced a greater decrease 
in prothrombin than in proconvertin (“‘co-thromboplastin’’). This is in agree- 
ment with earlier experiments of Dam and SonpERGAARD (1948) in which it 
was found that mixtures of vitamin K deficient chicken p!asma and plasma from 
dicoumarol poisoned chicks had a shorter prothrombin time than the two 
plasmas. Thus, it may be inferred that vitamin K deficient chicken plasma is 


predominantly lacking in prothrombin, whereas plasma from chicks poisoned 


with dicoumarol, under the conditions chosen, is predominantly lacking in pro- 
convertin. By suitable adjustments of the experimental conditions, it is possible, 
however, to obtain diccumarol chicken plasma which does not shorten the 
prothrombin time of the plasma from vitamin K deficient chicks (Dam and 
SONDERGAARD, 1954, in press). 

A predominant decrease of proconvertin in dicoumarol treatment has also 
been found by OwreEN and Aas (1951) and by Kouuer et al. (factor VII) (1951). 

It must be remembered that the current formulation of the coagulation 
process has no claim to be considered final, and it may very well be that the 
explanation of the just mentioned findings is more complicated. Experiments 
by SorsyE_ Kruse, and Dam (1950) point in this direction. 


* The term “prothrombin activity” means the combined activity of the various plasmatic 
fectors which determine the prothrombin time. 
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It has been known for some time that vitamin K, and vitamin K, oxide given 
in sufficient doses may neutralize the effect of anticoagulants of the dicoumarol 
type, whereas the simpler vitamin K substitutes such as menadione, synkay- 
vite, etc., have little effect in this respect. IsLtER et al. (1953) have studied 
the efficiency against dicoumarol, etc., of vitamin K,, vitamin K, and a series 
of their analogues with shorter or longer side chains. They found that the side 
chain in the 3 position must contain at least 8 carbon atoms. The methyl 
groups in the side chain as well as the double bond(s) in the same are favourable 
but not absolutely necessary. 

The reason why the simple, otherwise highly active, vitamin K active com- 
pounds of the menadione type cannot neutralize the action of dicoumarol anti- 
coagulants is not quite clear. It is likely that the phenomenon is related to the 
fact that these compounds act slower than vitamin K, in the vitamin K 
deficient chick. 

The establishment of the fact that overdosage with the naturally occurring 
forms of vitamin K can overcome the action of dicoumarol, etc., has strength- 
ened the conception that these anti-coagulants act by displacing vitamin K 
from an enzyme system involved in the formation of the prothrombin active 
plasma factors (prothrombin and proconvertin). Thereby some light has been 
thrown upon the mode of action of vitamin K itself. Quick and CoLLENTINE 
(1950, 1951) have discussed the displacement hypothesis further. They suggest 
that vitamin K, is more firmly associated with the apoenzyme than is 
menadione. 

Studies in which dicoumarol labelled with C-14 in the methylene bridge was 
administered intravenously to mice and rabbits (Spinks and Jayues, 1950 
Lee, Trevoy, Spinks, and Jaques, 1950) have shown that after 24 hr about 
10 per cent had been fixed in the liver as structurally unchanged dicoumarol. 
The period during which dicoumarol remained in the liver was related to the 
effectiveness of this agent in interfering with the formation of the prothrombin 
active factors. Indirectly, this observation lends support to the concept that 
vitamin K exerts its action through the liver. 

From the older literature (e.g. Dam, GLavinp, Lewis, and TaGre-HANSEN, 
1938) it is known that the liver does not store large amounts of vitamin K. 
When, however, a large dose of an aqueous colloidal solution of vitamin K, is 
injected intravenously (Dam, PRANGE, and SONDERGAARD, 1954, in press), it is 
easy to demonstrate a very considerable accumulation of vitamin K, in liver 
and spleen. The concentration of the injected vitamin in the blood declines 
rapidly, so that it cannot be determined by the Irreverre and Sullivan reaction 
after about 14 hr. The vitamin injected remains for a considerable time in the 
liver and spieen. 

When at various time intervals after the injection of a large dose of vitamin K, 
a dose of adicoumarol anticoagulant is given the anticoagulant effect is almost nil 
when the time interval is only one ora few days, but as the time interval becomes 
longer (several weeks) the effect of ingested anticoagulant increases gradually. 
After 5 weeks, when the animal still contains a considerable amount of vitamin 
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K,, the prothrombin activity yields very markedly to ingestion of anticoagulant. 
It is therefore possible that the amount of vitamin K, present at this stage is 
deposited in such a way that it cannot easily be utilized. When large doses of 
vitamin K, are given orally or intramuscularly, even in aqueous colloidal 
solution, a similar deposition is not obtained. . 

C-14 labelled menadione given intravenously in large doses disappeared 
rapidly from the blood without being deposited, except for traces in liver and 
lung (SoLVoNUK ef al., 1952). 

Martivs (1953) and Martius and Nivrz-Lirzow (1953) have found that 
dicoumarol and related substances depress aerobic phosphorylation in rat liver 
mitochondria, and suggest that dicoumarol anticoaguiants interfere with a 
complex with vitamin K operating between cytochromes b and e. 

Since, however, vitamin K deficiency has hitherto only been shown to lead 
to deficiency in prothrombin-active plasma factors and not to a metabolic dis- 
turbance of a more general character reflected in slower growth, this theory 
needs further experimental proof. It seems almost certain that dicoumarol 
possesses toxic properties quite unrelated to its inteiference with the blood 
clotting mechanism. This applies, for instance, to the appearance of convulsions 
after large doses leading to death before the haemorrhagic tendency has become 
manifest. The same toxic effects have not been found for all anticoagulants of 
this type and have never been observed in alimentary vitamin K deficiency. 


(f) The route of absorption from the intestine 


Mann, Mann, Botutman, and Van Hoox (1949, 1950) have shown that vitamin 
K deficiency (in rats) can be produced rapidly by external drainage of the 
lymph. This observation indicates that the natural fat-soluble K-vitamins are 
transported (largely) by the lymph from the intestines to the blood. 

Mitiar, Leppy, and FisHeR (1953) administered radioactive vitamin K, 
(2-methyl-C™-3-phytyl-1,4-naphthoquinone) orally to rats with intestinal lym- 
phatic fistula. They found that a greater proportion of the radioactivity 
appeared in the intestinal lymph, some appeared in the urine. Of radioactive 


menadione given orally to rats or dogs with intestinal lymph fistula only about 

1 per cent appeared in the intestinal lymph, while 40 to 50 per cent of the 
I y pa, 

ingested radioactivity was excreted in the urine and biliary fistula, large 


amounts of radioactivity from ingested radioactive menadione appeared in bile 
and urine very quickly. Exclusion of bile from the intestine did not alter the 
absorption pattern, but about 3 per cent of the administered activity appecred 
in the faeces of such animals. In experiments with cats it was shown that 
74 per cent of an oral dose of menadione was absorbed into the portal system 


in 5 hr. 


(9) Vitamin K deficiency accelerated by sulphonamide derivatives 
and antibiotics 


Since intestinal bacteria form vitamin K (probably K,) it is obvious that 
depression of the bacterial flora by sulphonamides or antibiotics may hasten 
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the development of the symptoms of vitamin K deficiency provided the diet 
does not furnish sufficient vitamin K. 

Observation of this effect has been published by KornsBerc ef al. (1944a,b) 
and by Granapos and Dam (1945) regarding sulphadiazine fed to rats. Un- 
published experiments from the reviewer’s laboratory have shown that in chicks 
raised on a vitamin K deficient diet the development of haemorrhages may be 
hastened somewhat by incorporating 10 mg aureomycin per 100 gm of the diet. 
Counts of bacteria in various parts of the intestine revealed great individual 
changes, but no significant decrease of the flora resulting from the addition of 
aureomycin, but the chicks grew faster with aureomycin. It cannot be excluded, 
therefore, that in this experiment the faster development of the symptoms was 
due to the more rapid growth. 


(h) The haemorrhagic condition in hypervitaminosis A 


The haemorrhagic condition, which is part of the hypervitaminosis A syndrome 
(Ropaut and Moore, 1943; Moore and Wane, 1945; Ropant, 1949, 1950) 
has been found by Licnt, Atscner, and Frey (1944) (in rats) to be due to low 
‘prothrombin activity, which could be raised by relatively small amounts of 
menadione. WALKER, EYLENBURG, and Moore (1947) obtained the same result 
with Synkavit. The way in which vitamin A in large doses produces “hyper- 
prothrombinemia” has not been completely elucidated. It seems, however, 
that the diets used were low in vitamin K, so that it is possible that vitamin K 
supply from the intestinal flora was impaired. Ropaut (1950) did not describe 
haemorrhage as part of the syndrome in chicks, and Quick and STEFANINI 
(1948) could not produce prolonged prothrombin times in chicks by overdosing 
with vitamin A. This has been confirmed in the author’s laboratory (un- 


published). 


(t) Vitamin K deficiency symptoms in rats fed dihydroxystearic acid 
Locknart ef al. (1942) found that the feeding of 25 per cent synthetic fat con- 
taining dihydroxystearic acid (1 mol of this acid + 2 mol of other fatty acids in 
the triglyceride) in vitamin K-deficient rat diets resulted in rapid development 
of vitamin K deficiency symptoms. Small amounts of menadione prevented 
the symptoms. This observation was further investigated by NIGHTINGALE 
et al. (1947). They found that dihydroxystearic acid blocks the synthesis of 
vitamin K by intestinal bacteria without killing the bacteria. 


(j) Requirement in chicks and dogs 

Older experiments from the author’s laboratory (Dam and Gtaviyp, 1938) 
indicate that 0-7 per cent of dried alfalfa in an otherwise vitamin K free diet 
for chicks will represent the approximate limit for maintaining normal pro- 
thrombin activity. This would correspond to about 16 to 20 ~zgm of vitamin K, 
per 100 gm diet. 

ALMQUIST, Meccri, and Kiose (1938) found that an amount of alfalfa extract 
corresponding to 1 per cent dried alfalfa in the diet would ensure normal 


204 


pe 
ty 
é 


Vitamin K 


clotting time in 3-week-old chicks, whereas an amount corresponding to 0-5 per 
cent gave somewhat higher clotting times. CRavENs, RANDLE, ELVERJEM, and 
Ha.prn (1941) indicate that 2 per cent of dried alfalfa will maintain normal 
clotting time in small chicks. This, however, is above the limit. Quick and 
STEFANCNI (1948) found that 1-5 wgm of menadione or little more than 2-5 ugm 
of vitamin K, per day are required to maintain the prothrombin level of a chick 
during the first 10 days of life. In the curative assay (single dose, 20 kr test) 
by Dam, Kruse, and SoNDERGAARD (1951) about 0-03 mg menadione per kgm 
body weight given orally to chicks will lower the prothrombin time to normal 
value. Quick, Hussey, and CoLLENTINE (1954) found for dogs with a 
cholecystonephrostomy that approximately 0-5 zgm of K, per kgm of body 
weight per day, given intravenously, would maintain normal prothrombin level. 


(k) Vitamin K in the human 


The requirement for vitamin K of the buman adult is not exactly known. In 
newborn it has been shown (SELLS, WALKER, and Owen, 1941; HarpwickE, 
1944; Larsen, 1952) that an amount of 1 to 10 wgm of one of the artificial 
vitamin K substitutes (“K,;” or Synkavit) per day will suffice to maintain 
normal prothrombin activity. It must be remembered that part of the supply 
of vitamin K is believed to originate from the intestinal flora. In disorders in 
adults, associated with low prothrombin activity amendable by ingestion of 
vitamin K, a daily supply of a few milligrams of Synkavit, etc., will suffice, 
and, probably, is considerably above the necessary limit. 

Fanti, Nerson, and Lincoin (1951) have proposed a saturation test for 
vitamin K deficiency depending on the oral administration of the diacetate of 
2-methy!-1,4-naphthoquinone (acetomenephthone) and estimation of the 
urinary excretion. 


(l) The bleeding tendency associated with obstructive jaundice 
This earliest known form of vitamin K deficiency in man has been suspected 
of being complicated by the presence of increased antithrombin over and above 
lowered prothrombin activity (Maxx and Dyckernorr, 1943). 

OwreEN (1949) found some cases of obstructive jaundice without liver damage 
to have an increased amount of proaccelerin (factor 5), others kad normal 
amounts. Proaccelerin was not dependent upon the supovly of vitamin K. 
Parenteral administration of 50 to 100 mg of menadione produced a rapid 
increase of the “prothrombin” concentration to normal or supernormal levels, 
(This was before OwREN and BseRKELUND (1949) and Owren (1951) dis- 
tinguished between prothrombin and proconvertin.) 

Ko.ier, Loevicer, Duckert, and Hu-Wane (1952) find both factor 7 
(proconvertin) and prothrombin low in obstructive jaundice. Vitamin K 
increased factor 7 particularly. 

It has been shown that in addition to the common water-soluble menadione 
derivatives and menadione itself also acetomenaphthone (FanTL, NELSON, 
and Lixcoutn, 1951) and large doses of vitamin K, (Quick, Hussry, and 
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CoLLENTINE, 1954) (with dogs) given as aqueous emulsion may be absorbed 
from the intestine in the absence of bile. 


(m) The diagnostic application of vitamin K 

Viz. for distinguishing between obstructive jaundice and hepatitis was dis- 
cussed in the earlier review (Dam, 1948). Recent contributions are, for instance, 
the above-mentioned publication by Owren (1949) taking also proaccelerin 
(factor 5) into consideration. ForELt and KoLver (1953) determined pro- 
thrombin, proconvertin (factor 7) and proaccelerin. In accord with the findings 
of OwkeEN, proaccelerin was found uninfluenced by vitamin K. De Nicoia 
(1953) found Ac-globulin (proaccelerin) diminished besides proconvertin and 
prothrombin in mild hepatic disorders and in some cases of obstructive 
jaundice complicated by liver damage. Vitamin K, or vitamin K, oxide were 
reported also to increase proaccelerin. 


(n) The haemorrhagic disease of the newborn 


At the university hospital in Copenhagen, Laksen (1952) and DyGeve (1952) 
have carried out extensive studies on this subject. Larsen studied the altera- 
tions in prothrombin activity of the newborn, Drceve the value of vitamin K 


treatment. 

Larsen has shown that the lowered prothrombin activity normally present 
immediately at birth is not influenced by vitamin K treatment of the mother 
ante partum. Therefore, the relativity low prothrombin activity at birth cannot 
be due to vitamin K deficiency; other as yet unknown factors of a physiological 
or a chemical nature must account for the limited production of “prothrombin” 
in uterine life. Extremely low prothrombin activity has been found in asphyctie 
newborn. 

At birth the child has no stores of vitamin K to prevent the fall of pro- 
thrombin activity in the first days of the first week. It is this decline in prothrom- 
bin activity after birth that is prevented by treatment with vitamin K either 
of the mother ante partum or of the child immediately after birth. The decline 
after birth can also be prevented by giving the child cow’s milk instead of 
breast milk in the first week. It is held that it is the small amount of vitamin K 
in the mik that raises the prothrombin activity rather than vitamin K formed 
by the intestinal flora. 

It is a somewhat puzzling fact that during foetal life there is just enough 
vitamin K to allow the production of the amount of “prothrombin”’ possible 
in the physiological circumstances, but unless the mother has been supplied 
with a large excess, not enough to furnish the child with the small store of 
vitamin K that could prevent the fall in the first week after delivery. Larsen 
(1952) has tentatively suggested that in foetal life ‘‘prothrombin” might be 
formed in the placenta and not in the liver. This hypothesis would explain the 
complicated phenomenon, but there is no direct evidence in support of it. 

The fact that the prothrombin activity of the infant does not reach the value 
for normal adults until about 6 months of age, even with sufficient vitamin K 
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supply, must mean that the production of prothrombin or of some of the 
auxiliary factors is fixed at a lower limit than in later stages of life. The reason 
for this is as yet unexplained. However, since there is a limit to the amount 
of prothrombin and auxiliary factors in adult life also, it is not particularly 
surprising that the limit is not the same at all stages of life. In the later stages 
of pregnancy, for instance, the limit is higher than at other times. 

Ko ier and HeLp (1952) have made separate determinations of prothrombin 
and their factor 7 in the newborn and in mothers during the later part of preg- 
nancy. They found that in the newborn both are about equally depressed. In 
the later part of pregnancy the ainount of prothrombin of the mothers is almost 
unchanged, while that of proconvertin is increased. This may account for the 
apparent hyperprothrombinemia found by methods that do not distinguish 
between prothrombin and proconvertin. 

Attempts to distinguish between the various coagulation factors concerned 
with the low prothrombin activity of the newborn have also been made by 
RaNpDALu and (1949) and OWEN and Hurn (1953). 

Some authors have reported a seasonal variation in the prothrombin activity 
of the newborn (WADDELL and Lawson, 1940; SNELLING and NExson, 1943, 
and others). PLum (1949) has examined a Jarge number of cases in Copenhagen 
throughout the year without being able to find any variation significantly 
related to season. In this kind of investigation it is necessary always to compare 
prothrombin activities at the same time after birth, preferably the third or 
fourth day, when the minimum occurs. 

There is, however, a seasonal variation in the frequency of haemorrhages 
(especially melaena) in the newborn of untreated mothers. This has been found 
by several investigators in various parts of the world. The incidence is minimal 
in late summer and early spring. Taken together with the apparent absence in 
seasonal variation in prothrombin times, this must mean that other factors 
besides prothrombin activity decide whether haemorrhages will occur or not. 


(0) Value of vitamin K treatment of the mothers 


Dyceve (1952) studied the oceurrence of various forms of haemorrhages in 
22.371 newborn from untreated mothers and 10,879 newborn from mothers 
treated with Synkavit or a few other artificial vitamin K substitutes 24 to 1 hr 
before delivery. There were 371 cases of various haemorrhages in 10,000 new- 
born in the untreated group and 276 in 10,000 in the group from treated mothers. 
Kephal! h2ematomas (111 in 10,000 in the untreated group and 105 in 10,000 in 
the treated group) did not respond significantly to vitamin K treatment. The 
best results were obtained against umbilical haemorrhages, haemoperitoneum 
and melaena. 

Dyccve estimates that possibly I out of 1000 newborn dies from haemorrhage 
that can be prevented by vitamin K treatment of the mothers. In Denmark, 
with about 80,000 births per year, this means a total number of 80. The 
number of non-lethal haemorrhages preventable by the treatment is much 


greater. 
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It is interesting to compare DyGeve’s figures with the more optimistic esti- 
mates in the early era of vitamin K; when it was expected that vitamin K 
treatment would reduce the death rate of newborn infants much more (HELL- 
MAN and SHetT.es, 1942, and others) and the ertirely pessimistic, but insuffi- 
ciently founded statement of Sanrorp, Kostaik, and BLackMoreE (1949) who 
claimed that vitamin K treatment of the newborn had no value at all (cf. 
Dam, 1951). 

Another discussion on the advisability of maternal vitamin K prophylaxis 
against naemorrhagic disease of the newborn is found in Lancet (1951, Hay, 
Hupsos, and Ropcers, 1951, Dyceve and 1951). 


(p) Use in anticoagulant therapy 


If. in anticoagulant therapy with dicoumarol and its analogues the prothrombin 
activity decreases so much that haemorrhages may occur (e.g. below 10 per cent 
of Owren’s “P-P-value”’) (OwREN and Aas, 1951), vitamin K must be given 
in a form which will counteract the anticoagulant rapidly. For this purpose 
vitamin K, or its oxide are the substances to use, whereas menadione, Synkay- 
vite and similar simpler vitamin K-active substances are insufficient. 

In order tu obtain a rapid action it is necessary to give, for instance, vitamin 
K, intravenously in the form of a sterile colleidal solution in water. The amount 
to inject should not be too great if it is not intended to raise the prothrombin 
activity to the normal value. Ten to 20 mg or less may be an appropriate dose 
with which values within the therapeutic interval {10 to 30 per cent of OWREN’s 


P-P-va'ue) may be reached in | or 2hr. A comprehensive literature on this 
aspect of vitamin K treatment exists, ef. for instance, Dam, Getii, Lunp, and 
SONDERGAARD (1954). 


(q) Vitamin K in therapy with antibiotics 
Treatment with antibiotics or with sulphonamides aiming at the depression of 
the bacterial flora in the intestine ought to be accompanied by vitamin K 
treatment. 


(r) Effects of naphthoquinones unrelated lo vitamin K activity 
Of such effects shall be mentioned a general bacteriostasis (ARMSTRONG, SPINK, 
and Kaunke, 1943; Fox, 1953), inhibition of alcoholic fermentation especially 
by “K,;” (Pratt, Sau, Durrenoy, and Pickerine, 1948), and interference 
with mitosis (LEHMANN, Liscner, and Huser, 1945; Neukom™m, GurIRon, 
Lercu, and Ricuarp, 1953). 
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V. GUINEA PIG ANTISTIFFNESS FACTOR 


Siiffness of joints, e.g. wrist stiffness in guinea pigs, was found by WouLzen and 
Baurs (1941) using diets of skim milk fortified with skim milk powder. Later, 
the disease was reported in guinea pigs fed other diets (e.g. OLeson, Van Donk, 
BeRNsTEIN, DorFMAN, and SuBBAkow, i947). 

The disease produced with the skim milk diet was associated with abnormal 
calcification, e.g. calcification of skeletal muscles and several other tissues 
(Harris and WuLzeN, 1950). Calcificatiun of the auditory complex may lead 
to deafness (WULZEN and 1949a,b; Krurcer, Wuuzen, and 
LEVEQUE, 1950). Changes occurred in the distribution of acid-soluble phos- 
phorus in liver and kidneys (Van WacTENpDonkK, 1944). Alkaline serum phos- 
phatase was lowered (VAN WaGTENDONK, RaTHKEY, BALLov, and WuLzEN, 
1944). Inorganic phosphate and total calcium in blood were elevated (Van 
WaGTENDONK, FREED, and Batiou, 1944). A factor which cures an induced 
stiffness was reported to be present in raw cream (VAN WaAGTENDONK and 
Wotzen, i943). Later interest was focused on a factor in raw sugar cane juice 
which was isolated in crystalline form (VAN WaGTENDONK and WouLzeEn, 1946) 
and described as a steroid compound (Ross, Van WaGTENDONKE, and WULZEN, 
1949). This compound was identified as stigmasterol (KaIszER and WULZEN, 
1951; RosENKRANTS, FARBER, and Miuman, 1951). 

Orson et al. (1947) found ergostanyl acetate to be active. This was confirmed 
by Petermc, STUBBERFIELD, and Detor (1948) although much higher doses 
had to be used in their experiments. Dastzr and Baver (1949) could not 
confirm the antistiffness activity of ergostanyl acetate, and DasteR (1950) 
criticized the assay method. 


The possible relation to collagen diseases in man has been mentioned by 
LaNssBury, SMiTH, WULZEN, and Van WacGTENDONK (1950). 
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VI. THE ANTIGIZZARD ULCER FACTOR 


The factor which prevents gizzard ulcers in chicks is not a single substance. At 
least one fat soluble and one water soluble sabstance are required to prevent 
this symptom. Highly unsaturated fatty acids from hog liver, or an ether extract 
from calves brain, may act as the fat soluble, whereas vitamin B,, may function 
as the water soluble factor. Since no great development seems to have been 
published in this field since the author reviewed the subject in Annual Review of 
Biochemistry (1951) the reader is referred to this article. 
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6 
OXYGENATED FATTY ACIDS 


Daniel Swern 


I. INTRODUCTION 


ALTHOUGH non-oxygenated fatty acids have been known and characterized 
since the early part of the nineteenth century, oxygenated fatty acids, with 
perhaps one notable exception (ricinoleic acid), were first characterized at the 
end of the niaeteenth century, and they have been studied extensively and 
systematically only during the past twenty-five years. Oxygenated fatty acids 
have not yct achieved the industrial importance of non-oxygenated fatty acids, 
mainly because of their relative unavailability either from natural sources or 
synthetically. But interest in oxygenated fatty acids and applications for 
them continue to increase rapidly as more of their useful properties become 
better known and more efficient and inexpensive synthetic methods are 
developed for their preparation, 

Oxygenated fatty acids are essential intermediates in a variety of basic 
studies in fatty acid chemistry, notably autoxidation, chemical oxidation, and 
reaction mechanism and metabolism investigations, and they are important 
in industrial processes concerned with the oxidation and drying of oils. Oxy- 
genated fatty acids are also attractive substances for studies of position, geo- 
metrical and optical isomerism, and for studies of the effect of position, type 
and number of functional groups on physical and chemical properties. Most 
oxygenated fatty acids are higher melting and easier to crystallize than their 


corresponding non-oxygenated or unsaturated analegues, thus rendering them 
relatively easy to isolate and study. The opportunities which exist for iso- 
merism, however, require that extreme care be taken in their preparation and 


isolation and in selecting criteria of purity. 

In this chapter, both naturally occurring and synthetically prepared oxy- 
genated fatty acids will be discussed. The emphasis, naturally, will be on those 
compounds containing eighteen carbon atoms since these exceed in importance 
by far all other oxygenated fatty acids combined. The classes of oxygenated 
fatty acids to be considered are epoxy acids, hydroxy acids and keto acids. 
The discussion will include their occurrence and isolation from natural sources 
or methods of preparation, physical and chemical characteristics, commercial 
utility, if any, and application to isomerism and structure studies. 


Il. Epoxy Acips 

(a) Preparation 
Epoxy fatty acids are straight-chain aliphatic monocarboxylic acids containing 
one or more oOxirane groups 


= 
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in the fatty acid chain. This class of compounds ¢oes not occur in nature. 
Occasionally the isolation of epoxy acids from fats is reported, but in all pro- 
bability the fat was not fresh and had undergone autoxidative changes. 

The most important and most widely used method for the preparation of 
epoxy fatty acids is epoxidation of the corresponding olefinic acid with organic 
peracids, notably perbenzoic, peracetic and monoperphthalic acids: 


+ RCO,H + RCO,H 
Solvents ¥ 


In some cases performic acid can be used. The reaction is rapid at or below 
room temperature, it proceeds in a homogeneous system, the product is easy 
to isolate and, in general, yields are good, frequently exceeding 80 per cent. 
The epoxidation reaction is strikingly stereospecific, that is, the geometrical 
configuration of the resulting epoxy acid is identical with that of the olefinic 
acid from which it is derived. This high degree of stereospecificity precludes a 
free carbonium ion intermediate involving attack of the double bond by the 


simple electropositively polarized (electrophilic) hydroxyl group* [0 : H}, to 
yield 


+ 
OH 


which on loss of a proton and ring closure yields 


| | 


v 


Since epoxidation is subject to general acid (HA) catalysis,“ “ a more reason- 
able mechanism for the reaction would involve essentially direct formation of 


the conjugate acid of the oxirane by donation of [O : H}" to the double bond 


by a peracid-general acid complex:™ 


HC. HC 

HC” HC’ 

| HA | 


\ 
0 + RCO,H + HA 
| 


id 
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| 
215 


Oxygenated Fatty Acids 


The olefin —[0 : H}* part of the fransition state in such a process is similar 
to the so-called z-complexes." An attractive feature of this mechanism over 
that involving free [O: H|* is that it obviates any necessity for postulation of 
rapid anc reversible [O: H|* formation from peracid and general acid (HA) 
followed by slow attack of fo: H|* on the double bond. It is also a more 
reasonable path in the non-polar solvents often used as epoxidation reaction 
media. 

The earliest method for the preparation of epoxy acids, and one which is still 
used to some extent, is hvpochlorination of the olefinic acid followed by 
dehydroha!ogenation:» 


| c,+xaon Alkali 
+ NaCl + NaCl + H,0 


OH Cl 


The chlorohydrins can be prepared in substantially quantitative yield,“ but 
in large-scale experiments the dehydrohalogenation to the oxirane usually pro- 
ceeds with difficulty and side reactions occur so that the overall yield of epoxy 
acids rarely exceeds 50 per cent. In small-scale experiments, however, excellent 
. yields of epoxide can be obtained.“ 

a,B-Epoxy esters can be prepared in fair to good yields by the Darzens con- 
densation,“*) which involves the reaction of an aldehyde or ketone with an 
a-halo ester in the presence of alkaline condensing agents, particularly sodium 
ethoxide or sodium amide: 


C,H,ONa 
R’COR” -} R’’CHXCO,C,H, 
(NaNH,) 


| | 
R’—C—C—CO,C,H, + NaX + C,H,OH(NH,) 
YY 


This reaction has been explored to only a limited extent with aliphatic alde- 


hydes and ketones containing more than five carbon atoms or with «-halo esters 
of high molecular -veight acids. 

Autoxidation of olefinie acids gives small yields of epoxy acids generally not 
exceeding 15 per cent. The difficulty in isolating the products, however, renders 
this method of little value. 

Although many epoxy acids and esters have Leen prepared, the two most 
important members of this class and those which have been characterized the 
best are cis- and trens-9,10-epoxystearic acids, m.p. 59-5° and 55-5°, respec- 
tively, prepared from oleic or elaidic acid by epoxidation.“”. 


(b) Properties and reactions 
Epoxy acids are white crystalline solids which have melting points appreciably 
higher than those of the parent unsaturated acids. They are generally quite 
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soluble in the common organic solvents at or above room temperature, and are 
conveniently recrystallized from acetone, methanol or hexane. In general, 
epoxy acids show the typical reactions of ethylene oxide, that is, they react 
with many classes of compounds containing active hydrogen atoms, such as 
alcohols, amines, and acids. In the reaction of epoxy acids with alcohols in the 
presence of acid catalysts, the carboxyl group is esterified simultaneously with 
the ring-opening reaction to yield a hydroxy-ether-ester.“*) Also, since mono- 
epoxy acids are bifunctional, those with the oxirane group in suitable positions 
can be readily converted to high molecular weight polyesters on heating.“ 
Hydrogenation, either catalytically". °* or with lithium aluminium hy- 
dride,“” converts the oxirane to the hydroxyl group. In the former reaction 
with 9,10-epoxystearic acid, it is believed that the resulting mixture of mono- 
hydroxy acids contains the 10-isomer to the extent of at least 85 per cent.“® 
Alkaline or acidic hydrolysis of epoxy acids converts the oxirane group to the 

a-glycol group with inversion.“®, “® Reaction of epoxy acids with carboxylic 
acids opens the oxirane ring and yields hydroxy-esters or diesters which can be 
thermally dehydrated and deacylated to conjugated dienes.“” Reaction of 
epoxy acids with ammonia or amines yields long-chain amino acids also con- 
taining a hydroxyl group. 


Epoxy acids exhibit an interesting type of mixed stereoisomerism, existing 


both as optical as well as geometrical isomers. Thus, 9,10-epoxystearic acid 
contains two asymmetric carbon atoms, thereby furnishing two racemic mix- 
tures, the high-melting (59-5°) and low-melting (55-5°) forms. In addition, 


because of the inability to undergo free rotation as a result of the oxirane group, 
these racemic mixtures are also geometrical (cis- and trans-) isomers. Recent 
x-ray diffraction studies have shown that the high-melting racemic mixture is 
cis- and the low-melting is trans-.*) 
The infrared spectra of cis and trans epoxy fatty acids are substantially the 


same except that the cts isomer shows a characteristic absorption near 12 mi- 


y the oxirane whereas the trans isomer shows the charac- 
teristic al the ge near 11-2 microns. Determination of infrared spectra and 
x-ray diffraction patterns, therefore, permit unequivocal identification of the 

1 trans-9,10-epoxystearic acids.) Furthermore, these physical measure- 


ments require only small samples and little time. 


Industrial uses for the epoxy acids are limited. It has been shown recently 
useful plasticizers and hydrogen chloride 


for use in polyvinyl chloride." The neutralization of hydrochloric acid evolved 


when polyv inyl chloride is exposed to heat and/or light prevents the pean 


} ; +; 7 lem ry 
ment cf undesirable colour and rapid deterioration of the polymer. Epoxy 
esters are frequently referred to as stabilizing plasticizers for chlorine-containing 


polymers and they are used on a large industrial scale. The avidity with which 
epoxy fatty acids and their derivatives react with hydrogen chloride is the 
basis of an analytical method for their quantitative determination.“ Epoxy 


acids are also cleaved by mene acid 


glycol by hydroly sis. 


presumably because the oxirane is 


converted to the «- 
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III. MononyDRoxy Acros 


The monohydroxy fatty acids are straight-chain aliphatic monocarboxylic acids 
containing one hydroxyl group in the aliphatic chain. They may be either 
saturated or unsaturated. The naturally occurring hydroxy acids are optically 
active whereas the synthetic ones are inactive and are capable of being separated 
into optical isomers. The unsaturated hydroxy acids exhibit both optical and 
geometrical isomerism. 

Generally speaking, saturated monohydroxy fatty acids do not occur to any 
significant extent as component acids of fats, waxes, and related materials. 
The waxy substances from leaves of certain coniferous plants, however, contain 
significant amounts of 12-hydroxydodecanoic (sabinic) acid and 16-hydroxy- 
hexadecanoic (juniperic) acid. 7) Hydroxy fatty acids, such as 2-hydroxy- 
tetradecanoic and 2-hydroxyhexadecanoic acid, are present as components of 
wool wax.'?8) Higher homologues are also assumed to be present. Frain lipids, 
notably the cerebrosides, contain 2-hydroxy acids of the C,., Cy, and C,, 
straight-chain series, with the C,, acid predominating... The presence 
of relatively large amounts of hydroxy fatty acids in brain lipids is a charac- 
teristic difference between the component fatty acids of brain lipids and the fatty 
acids present in animal fats. The biolcgical function of the hydroxy acids in brain 
lipids is unknown and is of consiacrable fundamental and biochemical interest. 

A monobydroxytetradecanoic acid has been isolated from the oil of Angelica 
archangelica.“®) Convolvulinolie acid, 11-nydroxypentadecanoic acid, has been 
isolated from the roots of plants of the Convolvulaceae family.©* This acid is 
unusual since it contains an odd number of carbon atoms. An optically active 
monohydroxyhexadecanoie acid has been isolated from butter fat, but its 
structure has not been established.“"? Hydroxy fatty acids have also been 
isolated from the waxes of human and bovine tubercie baccilli,“, %, 7) and 
leprosy bacilli.“*) High molecular weight fatty acids are reported to be present 
in the root fat of Swertia japonica, in the nydrolysis products of cork“, @0 
and in kidney lipids.“ 

2-Hydroxy acids are important intermediates in biological oxidation of fatty 
acids and are also synthesized during insect and plant metabolism. Since the 


hydroxy acids are intermediates in many metabolic processes, they would not 


be expected to be present in large amounts. 


(a) Preparation of saturated monohydroxy acids 
The classical method for preparing monohydroxy fatty acids is hydrolysis of 
monohalogenated fatty acids with aqueous alkaline solutions.“ Halogenated 
fatty acids with the halogen originally in the 4- or 5- position readily form lac- 
tones on acidification of the soap solutions of the resulting hydroxy acids, 
especially if heated. 

A convenient procedure for preparing monohydroxy compounds of known 
structure is hydrogenation or chemical reduction (with lithium aluminium 
hydride, for example) of the corresponding oxirane"®), (%, 47) or keto com- 
pound.) No more than two isomers are apparently obtained from the oxirane, 
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and recent evidence indicates that the isomer which predominates is the one in 
which the hyaroxyl group is farther from the carboxyl group." As already 
discussed, the oxirane compounds can be conveniently prepared by epoxidation 
of olefinic acids with organic peracids. Keto acids of known structure can be 
prepared syntheticaily from shorter-chain intermediates by a variety of con- 
densation reactions,“ as will be discussed in a Jater section. By high pressure 
hydrogenation of the methyl esters of the corresponding keto acids, 3- through 
17-monohydroxyoctadecanoic acids have recently been prepared.“ The 2- 
isomer was prepared by alkaline hydrolysis of 2-bromooctadecancie acid and 
the 18-isomer was prepared by hydrogenolyses of the monothiol ester of octa- 
decane-1,18-dioic acid. The polymorphism of these, as well as the corresponding 
keto compounds, has been studied by thermal and x-ray methods.“ It is now 
possible to identify unequivocally any isomeric monohydroxy or monoketo- 
octadecanoic acid or their methyl esters. The hydroxy compounds are more 
complicated with regard to polymorphic behaviour than the keto compounds. 

Reaction of olefinic acids with concentrated sulphuric acid at low tempera- 
tures followed by hydrolysis of the intermediate sulphate esters also yields 
hydroxy acids, but complicated mixtures of isomers are obtained.(*), (5) 

Autoxidation of olefinie acids to z-hydroperoxides followed by complete 
hydrogenation has been reported for the preparation of saturated hydroxy 
acids.“® Until good yields of specific hydroperoxides can be obtained by auto- 
oxidation, this procedure will be of only limited interest. Further, this pro- 
cedure yields a mixture of isomeric hydroxy acids.“ Partial reduction of 
a-hydroperoxido acids yields hydroxy unsaturated acids.“ 

A newly discovered general reaction for the synthesis of monohydroxy acids, 
and one which appears to have wide applicability both on a laboratory and 
commercial scale, is the addition of 90 to 100 per cent formic acid at its boiling 
point to olefinic acids, followed by hydrolysis of the intermediate formate 


ester.‘*7) The reaction is markedly accelerated by strongly acidic catalysts, 


3 
notably perchloric and sulphurie acids and boron fluoride. Yields of mono- 


hydroxystearic acids of over 70 per cent can be obtained. Two isomeric hydroxy 
acids predominate since, in the absence of directing influences, formic acid 
would be expected to add equally on each side of the double bond. Since the 
reaction involves carbonium ion intermediates, other isomeric hydroxy acids 
are also formed, but in small amounts. In some instances, the isomeric mono- 
hydroxy acids can be readily separated.“” Acetic acid in the presence of acid 
catalysts also adds to the double bond but yields of monohydroxy acids are 
only about 40 per cent.“47) When a hydroxy] group is in close proximity to the 
double bond, as in the case of methyl ricinoleate and crotv] alcohol, formic acid 
addition does not take place. The failure to react in these cases may be ex- 
plained on the assumption that the electron-withdrawing influence of the 
hydroxyl group lowers the electron density of the double bond below the point 
where attack by certain electrophilic (carbonium) ions is possible. 

9-, 10-, 11-, 12- and 13-hydroxyoctadecanoic acids have been synthesized by 
the Grignard reaction from w-aldehydo aliphatic acids and atkyl magnesium 
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Table 1. 


Saturated monohydroxy fatty acids 


Oxygepated Fatty Acids 


2-Hydroxydodecanoie 
3-Hydroxydodecanoie . 
4-Hydroxydodecanoiec . 
9-Hydroxydodecanoie . 
12-Hydroxydodecanoic 


2-Hydroxytridecanoie 
4-Hydroxytridecanoie . 
9-Hydroxytridecanoie 
13-Hydroxytridecanoic 


2-Hydroxytetradecanoic 
3-Hydroxytetradecanoic 

11-Hydroxytetradecanoic 
14-Hydroxytetradecanoic 


2-Hydroxypentadecanoic 


2-Hydroxyhexadecaroie 
3-Hydroxyhexadecanoic 
11-Hydroxyhexadecanoic 
16-Hydroxyhexadecanoic 


2-Hydroxyoctadecanoic 
3-Hy droxyoctadecanoic 
4-Hydroxyoctadecanoic 
5-Hydroxyoctadecanoic 
6-Hydroxyoctadecanoie 
7-Hydroxyoctadecanoic 
8-Hydroxyoctadecanoic 
9-Hydroxyoctadecanoic 
10-Hydroxyoctadecanoic 
11-Hydroxyoctadecanoic 
12-Hydroxyoctadecanoic 
(optically active) ‘ 
12-Hydroxyoctadecanoic 
13-Hydroxyoctadecanoic 
14-Hydroxyoctadecanoic 
15-Hydroxyoctadecanoic 
16-Hydroxyoctadecanoic 
17-Hydroxyoctadecanoie 
18-Hydroxyoctadecanoic 


2-Methy]l-2-hydroxyhendecanoic 


1l1-Hydroxypentadecanoic . 
15-Hydroxypentadecanoic . 


- - 


2-Hydroxyheptadecanoic . 
17-Hydroxyheptadecanoic 
2-Methyl-16-hydroxyhexadecanoie 


73-49 
70-70-5° 


62-5-63-5° 
. B.P. 1569/1 


89° 
$7-5-88° 
62-63° 


91° 


89° 


or Or 


BP. 


Methyl ester 
M.P. | B.P., °C/mm 
43°) | 
34-35° 164-166°/3 
154-155°/3 
44° 
47° 196-198°/20 
29-32° | 166°/2 
52-52-5 | 189-182°/2 
| 


| 230-231°/5 


59-60° 
40-5-41-5° | 183-186°/3 
55-55-5° | 194-196°/2 


210°/3 


212-216°/4 
| 213-217°/4 
204-206°/4 


202-204°/4 
185-189°/2 


ow 


Hs 4 Systematic name 
: 
£4 
-| 46° | 
| 
: 78° : 
-| 66-66-5° 
49-51° 
-| 79-79-5° 
81-5-82° 
-' 72-73° 
‘ —— 91-91-5° 
- 63-5-64° 
-| 95° 
al 66°; 62-63°™ | 
= | 51° | 
- 87° | 56-59° 
-, 83° | 58° 
-| 78° | 51°; 37-5°% 
(dl) -| 79° : 
‘ 99° | 62-5° 
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Table 1—continued 


Systematic name 


2.Hydroxynonadecanoic 83-84° 
19-Hydroxynonadecanoic 91-91-5° 65-5—-66° 


2-Hydroxyeicosanoic . 91-92° 62-64° 
20-Hydroxyeicosanoic . 97-4-97-8° 68-68-5° 


21-Hydroxyheneicosanoic -| 92-5-93° 70-71° 


2-Hydroxydocosanoiec . 98° 70-719 
13(14)-Hydroxydocosanoic -| 89-90° 53° 


2-Hydroxytetracosanoic 
22-Hydroxytetracosanoic 


2-Hydroxyhexacosanoic 


2-Hydroxytriacontanoiec 
2-Hydroxytetratriacontanoic 


‘ The data in this table have been compil nainly from BEILSTEIN'S Handbuch der Organischen Chemie, 
Vol. IIL; DeceL, H. J.; Lipids, Vol. 1, Inter nee Publishers, New York, 1951; Doss, M. P.; Properties 
of the Principal Fats, Fatty Os, Wares, F« Acids ane Sa The Texas Co., New York, 1952; RALstoy, 
A. W.; Fatty Acids and Their Derivatives, John Wi'ey ¢ ms, New rk, ls ; MARKLEY, K. 8.; Fatty 
Acids, Inte ence Publishers, New York, 1947; the literat nees given | ction of this chapter 
entitled ““Monohydroxy Fatty Acids,”’ and unpublished research carried out in the author's laboratory. 

Ethyl ester. 


bromides. Thus, 9-hydroxystearic acid, m.p. 75°, can be prepared by con- 
densing nonyl magnesium bromide with 9-aldehydononanoic acid followed by 
hydrolysis. 

a-Hydroxy acids can be prepared by way of the intermediate cyanhyérins 
by reaction of aldehydes with hydregen cyanide and a basic catalyst, followed 
by hydrolysis. The unavailability of long-chain aliphatic aldehydes severely 
limits the utility of this reaction in the fatty acid field. «-Hydroxy acids can 
also be prepared from aliphatic acids by reaction with bromine and red phos- 
phorus, followed by hydrolysis.“ 

f-Hydroxy acids can be readily prepared by the Reformatsky reaction.“ 
This reaction involves the condensation of an aldehyde or ketone with an 
a-haloester in the presence of zine. £-Hydroxyvaleric to 8-hydroxystearic acid 
have been prepared in this way.'!). (52), (93), (54) 

w-Hydroxy acids of the formula HO(CH,)nCO,H (where n is 7-20) have 
been prepared by Cuuit and co-workers), ©) by a variety of methods, most 
important of which are the reduction of monoesters of dibasic acids with sodium 
and alcohol, and the reaction of potassium cyanide or sodium malonic ester 
with the monobromohydrins of «,-glycols and subsequent hydrolysis to the 


hydroxy acids. 


221 


Methyl ester 
M.P. | B.P., °C/mm ; 
| | 
-| 100° 
| 95-96° 
. 
-| 97-5° 
199° 
j 
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Other reactions have been reported for the preparation of specific mono- 
hydroxy fatty acids, but the ones described are the most important by far. 

Table 1 lists the better known saturated hydroxy fatty acids containing 
twelve or more carbon atoms. 


(6) Reactions and properties of saturated monohydrory acids 


The presence of the hydroxyl group enhances the water and alcohol solubility 
of hydroxy acids and greatly reduces solubility in hydrocarbons. Hydroxy 
acids can usually be cleanly separated from unsaturated and saturated acids 
by a single crystallization from hexane. Final purification is readily effected 
by recrystallization from alcohols, acetone or other polar solvents. Mixtures of 
monohydroxy acids are usually difficult to separate into pure components 
because of similarity in properties. 

Hydroxy fatty acids show typical alcoholic and carboxylic reactivity. The 
bifunctional character of the molecule makes some of them interesting in thermal 
polycondensation reactions. 2-Hydroxy acids, however, yield aldehydes, water, 
carbon monoxide and/or lactides when heated. 3-Hydroxy acids dehydrate 
readily to mixtures of unsaturated acids, and 4- and 5-hydroxy acids readily 
form lactones. Hydroxy acids in which the hydroxy] is farther from the car- 
boxyl group polymerize readily on heating to yield polymeric esters, or de- 
hydrate to unsaturated acids when heated to higher temperatures. Inter- 
molecular esters of hydroxy acids are commonly referred to as estolides. 

Numerous esters of monohydroxy fatty acids have been prepared. These 


have been suggested for use as high-melting waxes and release agents for 
plastics, and as intermediates in the preparation of plasticizers and surface- 
active agents.(57), (58), (59), (69), (61) Tt has recently been reported that saturated 


monohydroxy acids are converted in fair yield to dicarboxylic acids on fusion 
with strong alkalis at 280 to 320°. The lithium salt of 12-hydroxystearic acid 
is an important ingredient in the preparation of high-quality, all-purpose, 


lubricating greases. 


(c) Unsaturated monohydroxy acids 

Ricinoleic acid, 12-hydroxy-cis-9-octadecenoic acid, apparently isolated for the 
first time by SaAaLMULLER in 1848,‘*?) is the most important unsaturated 
hydroxy acid. It occurs as a glycerol ester in oils of the species Ricinus, and 
in. castor oil (oil from the seed of Ricinus communis) it forms over 85 per cent 
of the component glycerides.* It has also been reported in ivory wood oil 
(47 per cent), oil of ergot, argemone oil, and others. Other hydroxy unsaturated 
acids, some isomeric with ricinoleic acid, have also been reported in grapeseed 
oil, quinceseed oil, the oil from Strophanthus sarmentosus‘™ and brain lipias. 
The unsaturated hydroxy acid in brain lipids is reported to be 2-hydroxy-9- 
tetracosenoic acid.) A highly unsaturated monohydroxy fatty acid (C,,H,,03) 
1.as recently been isolated from boleko (isano) oil.“6® Its structure has not been 
elucidated but the hydroxy] group is reported tc be in the 8-position. 

Pure ricinoleic acid has the fcllowing physical characteristics:® m.p. 5-0° 
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(y), 7:7° (a), and 16-0° (8); 21-4703; 0-9417; + 7-79°. Ricinoleic 
acid cannot be distilled satisfactorily because it readily undergoes dehydration 
and interesterification. The isolation of pure ricinoleic acid is extremely difficult 
and was achieved only recently by Hawxe,'**) who employed a modification of 
a published‘®” low temperature solvent crystallization procedure used earlier 
in obtaining a purity of 97 per cent. Methyl ricinoleate of high purity cen be 
prepared more readily and simply than the acid,*). but saponification of 
the ester to obtain the pure acid is unsatisfactory. 

Castor oil is of considerable commercial importance since its component 
ricinoleic glycerides can be dehydrated readily to a mixture of conjugated and 
non-conjugated linoleic acid glycerides, useful in surface coating applications.‘™ 
Reaction with aqueous alkali at high temperatures and preferably under 
pressure converts castor oil or esters of ricinoleic acid, as well as the free acid, 
to sebacic acid, an important component of plastics, plasticizers, and synthetic 
lubricants.'7?), (73) 2-Octanol is also formed in this reaction. Pyrolysis of ricin- 
oleic acid yields undecylenic acid and heptaldehyde. Ricinelaidic acid, the trans 
isomer, melting point, 52° and [«]?? + 6-67° (ethanol), is readily prepared 
from ricinoleic acid by reaction with oxides of nitrogen. This isomer can also 
be prepared directly from castor oil by elaidinization and hydrolysis. Ricin- 
elaidic acid does not occur naturally. 


IV. Disyproxy Acrps 


Dihydroxy fatty acids contain two hydroxyl groups in the fatty acid chain. 
Only saturated dihydroxy acids will be discussed here and the emphasis will 
be on those containing eighteen carbon atoms. The hydroxyl groups may be 
on adjacent (contiguous) or non-adjacent carbon atoms. The former («-giycol) 
type are more important by far because reactions for their preparation have 
been well develoved. 

Dihydroxy fatty acids are uncommon in nature. The most important one is 
the optically active form of high-melting 9,10-dihydroxystearic acid, melting 
point 141°, which has been isolated in small amounts from the mixed fatty acids 
of castor oil‘ and, presumably, also from lycopodium oil.) 3,11-Dihydroxy- 
tetradecanoic (purolic) acid has been reported as a component acid of the seed 
fats of the Scuth African and Japanese morning glories.‘”® “7 A dihydroxy 
acid (!anoceric acid), C3,H,g0,, has apparently been isolated from wool 


wax, (78), (79) 


(a) Preparation 


Two gencral and widely used methods are available for the preparation of 


dihydroxy fatty compounds of the «-glycol type. These are epoxidation of the 
g,(), (2) 


corresponding olefinic acid with organic peracids followed by hydrolysi 
and oxidation of the olefinic acid with dilute cold alkaline potassium perman- 
ganate.'®) Yields of dihydroxy acid are good and frequently exceed 90 per cent. 

Since each dihydroxy acid (with the exception of those with a terminal 
hydroxyl) contains two asymmetric carbon atoms, there are four optical 
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isomers possible or two racemic mixtures. As a ruts the dihydroxy acid ob- 
tained by peracid oxidation of the cis form of the olefinic acid is the low-melting 
racemic mixture, and that obtained by potassium pezmanganate oxidatior is 
the high-melting racemic mixture.) “9 As discussed earlier, epoxidation with 
organic peracids proceeds by cis-addition, but hydrolysis to the dihydroxy acid 
involves an inversion. On the cther hand, potassium permanganate reacts by 
cis or normal addition. It is possible, therefore, to prepare the same racemic 
mixture of dihydroxy acids from the cis or trans form of the olefinic acid by 
oxidizing one with organic peracids and the other with alkaline potassium 
permanaganate. 

In the low-melting racemic mixture (for example, 9.10-dihydroxystearic acid, 
melting point 95°, prepared from oleic acid by peracetic acid oxidation and 
hydrolysis, or from elaidie acid by hydroxylation with alkaline potassium per- 
mznganate) the hydroxyl groups are closer together in space than in the high- 
.nelting racemic mixture (9,10-dihydroxystearic acid, melting point 131°, 
prepared from oleic acid by hydroxylation with alkaline potassium perman- 
ganate, or from elaidic acid by peracetic acid oxidation and hydrolysis). This 
was recently shown to be the case in an unambiguous manner on the basis of 
the ability of the low-melting racemic mixture to form a urea complex readily 
whereas the high-melting racemic mixture did not.“® This conclusion is in 
accord with chemical evidence, namely, the comparative rates of cleavage of 
the isomeric 9,10-dihydroxystearic acids with periodic acid and lead tetra- 
acetate, (89, (81) 

Other useful procedures for preparing contiguously substituted dihydroxy 
fatty acids are addition of halogen or hypochlorous acid to the olefinic acid 
followed by hydrolysis with aqueous or alcoholic alkali or silver oxide, re- 
action of olefinic acids with silver iodobenzoate (Prévost’s reaction) followed 
by hydrolysis,‘*). *), ( oxidation of olefinic acids with tert-butyl hydro- 


peroxide or hydrogen peroxide in tert-butyl alcohci in the presence of metal 


oxides, such as osmium tetroxide, vanadium pentoxide and chromium trioxide, 
which are capable of forming inorganic peracids,"*®. ‘*. “7? and photochemical 
addition of hydrogen peroxide to the double bond. The Prévost reaction 
proceeds by trans addition to the double bond, whereas the photochemical or 
metal-catalyzed addition of hydrogen peroxide or ferf-butyl hydroperoxide 
proceeds by cis addition. 

Fig. 1 correlates the stereochemical relationships invelved in the conversion 
of oleic and elaidic acids to the 9,10-dihydroxystearic acids by way of the 
intermediate oxirane and chlorohydroxy compounds.“® This scheme is self- 
consistent and is in harmony with accepted theories of the Walden inversion 
and double bond addition reactions. According to this sheme, epoxidation of 
the unsaturated acids with organic peracids, or oxidation with alkaline potas- 
sium permanganate, takes place by cis addition, whereas reaction with hypo- 
chlorous acid proceeds by trans addition. Furthermore, opening (either in 
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accompanied by an inversion. An inversion also occurs when haloger is replaced 
by hydroxy] in the 9,10 (10,9)-halohydroxystearic acids. This scheme is gener- 
ally applicable to olefinic acids, esters and alcohols and is now accepted by the 
majority of investigators in the field.“ 

Dihydroxy fatty acids in which the hydroxyl groups are non-contiguous are 
not well known. Reaction of ricinoleic acid with sulphuric acid followed by 
hydrolysis yields a dihydroxystearic acid, but the position of the hydroxyl 
groups is not known.‘*®) Reaction of linoleic acid with sulphuric acid gives a 
low yield of a dihydroxystearic acid of unknown structure and some mono- 
hydroxyoleic acid (by addition of sulphuric acid to only one of the double 
bonds in linoleic acid), as well as oxygen-linked polymers.“ Formic acid adds 
to linoleic acid and, after hydrolysis, gives a good yield of a mixture of approxi- 
mately equal parts of dihydroxystearic acid and monohydroxyoleie acid.“ 
The structure of these compounds has not yet been reported. Reaction of 
formaldehyde with monoolefinie acids (Prins’ reaction) in the presence of 
sulphuric acid yields a complex mixture of products‘, ) from which it has 
been claimed that cyclic dihydroxy compounds can be isolated.“ This 
conclusion has been questioned. 


(6) Reactions and properties 


Dihydroxy fatty acids are white, high-melting crystalline solids. The longer- 
chain members are insoluble in water whereas the shorter chain ones are either 
slightly or completely soluble (less than ten carbon atoms). They are soluble 


in hot oxygenated organic solvents, such as ethanol and acetone, but insoluble 
in hydrocarbons. 

Dihydroxy fatty acids show both hydroxyl and carboxy] reactivity. How- 
ever, esters or ethers in which only one hydroxyl group is bound up are best 
prepared by the reaction of the corresponding oxirane with an acid or alcohol, 
respectively. Reaction of the second hydroxyl group is somewhat more difficult 
to accomplish because of steric hindrance and/or electronic effects.'), (°) 

Thermal treatment of contiguously substituted dihydroxy acids yields a 
variety of products depending on reaction time, temperature and catalysts 
used. For example, 9,10-dihydroxystearic acid has been reported to yield 
epoxystearic acid,'), estolides,“ 10-ketostearic acid,‘ hydroxy- 
olefinic acids‘) and diunsaturated acids.“ In the most recent report, 
$,10-dihydroxystearic or its methyl ester has been shown to yield 43 to 47 per 
cent conjugated diunsaturated acids, 3] to 36 per cent non-conjugated di- 
unsaturated acids, 5 to 11 per cent keto acids, 7 to 8 per cent epoxy acids and 
4 to 7 per cent hydroxyolefinie acid when heated to 290° with 0-5 per cent of 
toluenesulphoniec acid for 3 minutes at 200mm. Therinal polymerization of 
dihydroxy fatty acids yields pulyesters, with the elimination of water. Since 
the acid molecules are trifunctional, cross-linking and gelation occur readily. 
Esters of the dibydroxy acids are bifunctional, however, and may be employed 
for the preparation of lincar polymers by reaction with dibasic acids.‘ 

Contiguously substituted dihydroxy acids undergo a complicated reaction 


226 


a Ke 
& 
x. 
{ 
i P 
ie 
a 
. 


Dihydroxy Acids 


when heated with aqueous alkali at high temperatures.'®?, (100), (101), (102) Pye, 
sumably, they first dehydrogenate to the diketo acid which then undergoes a 
benzilic acid rearrangement." Thus, 9,10-dihydroxystearic acid is reported 
to yield 2-octyl-2-hydroxydecanedioic acid, and 9,10-dihydroxybehenic acid 
yields 2-octyl-2-hydroxytetradecanedioic acid.“ The presence of potassium 
chlorate in the fusion reaction causes the aliphatic chain to cleave yielding 
mono- and dibasic acids.4 

Contiguously substituted dihydroxy fatty acids are readily cleaved to alde- 
hydes with lead tetraacetate," 9%) pericdic acid,*” sodium bismuthate in 
acid medium," and manganese tri-“®? or tetraacetate.) 

The 9,10-dihydroxystearic acids are the best known members of this class of 
compounds. The 2,3-dihydroxystearic acids’) and those with the hydroxyl 
groups in the 6,7 through the 12,13-position have recently been studied in some 
detail.o, ‘19, (14) Both the low-melting and the high-melting series of 6,7- 
through 12,13-dihydroxystearic acide (obtainable, respectively, from the cis 
and trans series of octadecenoic acids by performic acid oxidation) show alter- 
nation of properties. By melting point and interplanar spacings, these acids 
can be classified into four sub-groups, namely, the even (6,7-, 8,9-, ete.) and 
the odd (7,8-, 9,10-, etc.) low-melting and the even and odd high-melting 
isomers. Within each sub-group the individual members carnot be satisfac- 
torily distinguished by melting points and interplanar spacings. They can be 
distinguished, however, by the relative intensities of the different orders of 
their long spacings. The composition of mixtures of low- (95°) and high-melting 
(131°) 9,10-dihydroxystearic acids can be determined to within + 3 per cent 
from the relative intensity of a selected pair of diffraction lines obtained in the 
x-ray powder patterns of such mixtures.‘ 

Table 2 lists the better known contiguously substituted dihydroxyocta- 
decanoic acids. 


Table 2. Contiguously substituted dihydroxyoctadecanoic acids 


Low-melting High-melting 
Hydroxyl positions | Racemic mixtures'*)| Racemic miztures? 
| M.P.°C M.P., °C 
123-124° 106-107° 
6,7- 119° 124° 
7,8- 95-—96° 132-133° 
8,9- 96—$97° | 118-119° 
9,10- . 95° 130-131° 
. 93-99° 120-121° 
. 95-96° | 129-130° 
12,13- . 98-5° 119-120° 
te) fro ym the cis-forms of the corresponding octadecenoic 
acids by oxidation wit a perf rmic acid. 
Prepared from trans-forms of the corresponding octadecenoic 
acids by oxidatio rinic acid. 
‘* The 2,3-d had Xy stearic icids appear to be the exceptions to the 
rule that ‘the fow-melt racemic mixture ls obtained by peracid 
oxidation of the cis-form of the octadecenole acid. 
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V. Potyfyproxy Acrps 


Preparation 


The best know: hydroxy fatty acids containing more than two hydroxyl groups 
in the fatty acid chain are those prepared from ricinoleic, linoleic and linolenic 
acids, and contain, respectively, three. four and six hydroxyl groups per 
molecule. 

Hydroxylation of ricinoleic and ricinelaidie acids with alkaline potassium 
permanganate and peracetic acid yields four diastereoisomeric 9,10,12-tri- 
hydroxystearic acids formed in two inter-related pairs, as expected from 
theoretical considerations.“ The a- and f-acids, melting point 112° and 
138°, are obtained, respectively, from ricinoleic acid by hydroxylation with 
alkaline potassium permanganate and from ricinelaidic acid by reaction with 
peracetic acid followed by hydrolysis. The y- and d-acids, melting point 87° 
and 110°, are similarly prepared from ricinelaidic and ricinoleic acids by 
hydroxylation with alkaline potassium permanganate and peracetic acid, 
respectively. 

Hydroxylation of octadeeadienoic acids yields tetrahydroxystearic acids con- 
taining four asymmetric carvon atoms. Therefore, eight racemic mixtures and 
sixteen optically active forms should exist. The eight racemic mixtures of 
9,10,12,13-tetrahydroxystearic acid have been prepared;*) these are called 
sativic acids. The spatial arrangements of the hydroxyl groups in each di- 
astereoisomer have been deduced.“!* 

Hydroxylation of linoleic acid with alkaline potassium permanganate™!® 
yields two racemic forms, melting points 174° and 164°. Two additional 
racemic forms, melting points, 146° and 126° or 122°, are obtained from linoleic 
acid by treatment with kypochlorous and hypobromous acid followed by 
hydrolysis,“ by epoxidation of linoleic acid with peracetic acid followed by 
hydrolysis,» or by hydroxylation of linolelaidic acid with alkaline potassium 
permanganate."!® A third pair, melting points, 164° and 126° is prepared by 
the oxidation of the trans-cis or cis-trans geometric isomers of linoleic acid with 
alkaline potassium permanganate.“!® The fourth pair, melting peints 164° 
and 141-5°, is prepared from 9,10-dihydroxy-cis-12-octadecenoic acid by 
hydroxylation with alkaline potassium permanganate.“ The tetrahydroxy- 
stearic acids are slightly soluble in boiling water. 

Hydroxylation of octadecatrienoie acids yields hexahydroxystearic acids 
containing six asymmetric carbon atoms. Of the thirty-two possible racemic 
mixtures (sixty-four optically active forms), only two have been adequately 
characterized.“"7 These are linusie and isolinusie acids, melting points 
203° and 173-5°, respectively, prepared in low yield by oxidation of 
linolenic acid with alkaline potassium permanganate. No information on 
the spatial arrangement of the hydroxyl groups in these acids has been 
reported, aithough it is possible to make certain deductions on the basis of 
cis-hydroxylation. The hexahydroxystearic acids are soluble in boiling 
water. 
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VL Kero Acips 

(a) Preparation 
Keto fatty acids are straight-chain aliphatic monocarboxylic acids containing 
one or more carbonyl groups in the fatty acid chain. They may be saturated 
or unsaturated. 

Only a few keto acids are naturally occurring. a-Licanie acid, 4-keto-9,11,13- 
octadecatrienoic acid, melting point 74°, is the major component acid (80 per 
cent) of the glycerides of oiticica oil. It was first described by Witporn'™® 
wno isolated it from the seed fat of Couepia grandiflora, but its major source 
is oiticica oil obtained from the seed fat of Licania rigida.™*) Mexican viticica 
oil from Licania arborea®®” and po-yoak oil from Parinarium sherbroense™” are 
also good sources. Its structure was demonstrated by Brows and Farmer‘?! 
who showed that its double bonds are conjugated and that it yields 4-keto- 
stearic acid on hydrogenation. Isomerization of a-licanie acid with iodine or 
sulphur, or exposure to sunlight, yields f-licanic acid,“ melting point, 97°. 

Lactorinic acid, 6-ketostearic acid, melting point 86 to S7°, has been isolated 
in 1 to 3 per cent yield from the fat of the fungus Lactarius rufus,122), 023) and 
small amounts of keto acids are reported to be formed by the action of micro- 
organisms on fats.” 

Most of the known keto acids are synthetic substances. The most frequently 
used synthetic methods are hydration of the corre ied miing acetylenic acids, 
condensation reactions involving P-keto esters (malonates or acetoacetates) and 
condensations using crgano-meta ie compounds jum, zine or cadmium). 

Hydration of the corresponding acetylenic acids in the presence of strong 
acids, such as formic and sulphuric, or by direct addition of water under 
pressure at high temperatures,'**- “24, (25) are the classical methods for pre- 
paring keto fatty acids. Hydration of acetylenic acids has also been accom- 


plished with alcoholic potassium hydroxide,"*® and by hydrolysis of the 


addition products of mercuric salts in acid media.“=? A mixture of two 
isomeric monoketo acids, which usually can be separated, is obtained by these 
reactions. Thus, hydration of stearclic acid, 9-octadecyrmoic acid, yields a mix- 
ture of 10-keto- and 9-ketostearic acid, the former predominating, and this ratio 
is reported to increase as the triple bond moves closer to the carboxyl group,%*) 
The development cf methods for the synthesis of short-chain acetylenic 
compounds within the past decade, ssiialis w vith their commercial availability, 
has made the preparation of monoketo acids from acetylenic acids of consider- 
ably greater practical significance than formerly. Acetylenic acids can be 
readily prepared (10, (126), (127), 4274), (270), by condensing an alkyl- 
acetylene with an z,@-chloroiodoalkane te yield a 1-chlorwalkyne which is then 
converted to the nitrile and hydrolyzed to the alkynoic sci, as illustrated: 


NaNH, 
CH,—{CH,)m—C=CH + I(CH,)xCl 
CH,(CH,)mC=C—(CH,),Cl CH, —(CH, =C—(CH,),COOH 


2 NaOH 
3. Acki 
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Another convenient method for preparing acetylenic acids, especially stearolic, 
is from the corresponding olefinic acid by bromination and dehydrobromination 
with alcoholic potassium hydroxide" or, preferably, sodium amide in Jiquid 


ammonia. 90) 

Another important and widely used synthesis of monoketo acids is the con- 
densation of carbethoxy acyl halides with the sodium derivative of either ethyl 
n-alkyl malonates or, preferably, ethyl 2-acetylalkanoates (alkyl acetoacetatés) 
followed by cautious hydrolysis.» “3 Yields of monoketo acids are fair, but 
improved yields can be obtained by condensing the sodium derivative of ethyl 
acetoacetate with w-bromo esters and subsequent reaction with acyl chlorides 
followed by hydrolysis,“*” as illustrated— 


CH,COCH(Na)COOC,H, + Br(CH,),COOC,H, 
| 


COOC,H, 
CH,COCH 

(CH,),COOC,H, 


Na, 
OH, (CH,)mCOCI 
CO0C,H, 
ff 
CH,COC—(CH,),C00C,H, 
\ 
CO(CH,)mCH, 
| Hydrolysis 


CH,(CH,) mCOCH,(CH,),COOH 


Modifications and improvements of this synthetic procedure have been pub- 
lished.(43), (133), 134), (135) 

An excellent method for the preparation of keto acids is the condensation of 
alkyl magnesium halides, alkyl zine halides, zine dialkyls, or cadmium dialkyls 
with the acid chlorides of monoesters of dibasic acids, *)), 49, 039), (137), (138), (139) 
The reaction is illustrated with an alkyl zinc halide: 

CH,(CH,)mZnCl + ClICO(CH,),COOC,H, 
2. Hydrolysis 
CH,(CH,)mCO(CH,),COOH 
Excellent yields of keto acids containing up to 35 carbon atoms have been 
synthesized in this way.“%7) The use of cadmium dialkyls has recently been 
reviewed. (138) 

Keto acids can also be prepared from the corresponding saturated or un- 

saturated hydroxy acids by controlled oxidation with chromic acid in acetic 


acid solution.“4%, “40 This reaction has recently been employed to prepare 
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contiguously substituted diketo acids from the corresponding dihydroxy 
acids.) 

Synthetic methods which are specific for the synthesis of 2- and 3-keto acids 
are also known.‘®), (51), (142), (143), (44), Some of these are the Reformatsky 
reaction and hydrolysis of a-ketonitriles or g-oximino esters. The Reformatsky 
reaction is especial'y useful. 

4-Keto acids can be prepared by a synthesis which takes advantage of the 
facile hydrogenolysis of benzyl esters.) In this sequence of reactions, illus- 
trated below, the sodium derivative of triethyl ethane-l, 1,2-tricarboxylate is 
converted to its tribenzyl derivative which is then condensed with an acyl 
chloride. Catalytic debenzylation followed by decarboxylation yields the keto 
acid: 

Na 
,H,CH,OH 


| 
C,H,COO—CH,—C—C00C,H, —_—_—- 


| 

COOC,H, 
| 

COOCH,C,H, 


1. RCOCI 
2. Hydrogenolysis 


COOH 
R—CO—C—COOH 


| 
CH,COOH 


Heat 
(—CO,) 


R—CO—CH,—CH,COOH 


Other applications and modifications of this debenzylation synthesis have been 
published.(46, (147), (148), (149) 


In an interesting synthetic method recently reported, it was shown that C, 
through C,, 5-keto aliphatic acids (or nitriles) can be prepared in fair yieids b 
ul I pre} 


the reaction of 8-ketoesters with acrylonitrile followed by hydrolysis 


Na 
RCOCH,COOC,H, + CH,=CHCN ———- RCOCH(CH,CH,CN)COOC,H, 
Ethanol 
(R-=CH,, 
C,H,, C;H,,, 
O,H,;, ete.) 


Acid 
RCO(CH,),CN or RCO(CH,),COOH 
Alkaline Hydrolysis 


The method appears applicable to longer-chain homologues. 
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Another interesting synthetic method for preparing 5-keto aliphatic acids in 
good yields involves ©-alkylation of 1,3-cyclolexanedione, which exists pre- 
dominantly as an enol, followed by alkaline hydrolysis :“5" 


H,¢ 


CH ACH,)pBr 


Sodium-Methanol 
(n= 0,1,2,3,15) 
CH, 
Alkaline 


Hydrolysis 


This procedure should be applicable to the preparation of the entire homologous 
series. It has also been used to prepare phenyl substituted and unsaturated 
keto acids, as well as dibasic acids.“ 

Several of the synthetic methods described, or modifications of them, have 
recently been employed to prepare 2- through 17- keto-octadecanoic acids and 
their methyl esters.‘ As mentioned earlier, thermal and x-ray data have also 
been reported, thereby permitting unequivocal identification of any isomer. 


(b) Reactions and properties 


Keto fatty acids are white crystalline solids insoluble in water but soluble in 
hot organic solvents. They have typical ketone properties and form the usual 
derivatives with phenylhydrazine, hydroxylamine and semicarbazide. In 
general, keto acids are stable, Jistillable compounds but 2-keto acids lose 
carbon monoxide on heating and yield the next lower saturated acid, (159) 
Heating with aqueous sulphuric acid causes 2-keto acids to lose carbon dioxide 
yielding aldehydes containing one less carbon atom than the acids from which 
they are derived.) 3-Keto acids may also lose carbon dioxide readily to 
yield a ketone. Keto acids can be reduced to the corresponding hydroxy acids 
by catalytic hydrogenation or to saturated acids by the Clemmensen reduc- 
tion,(3), (155) 

Monoketo fatty acids are useful in unequivocally proving the structure of 
monohydroxy and unsaturated acids. Hy.lroxy acids can be readily converted 
to the corresponding keto acids in high yields. These are then converted to 
the oxime followed by Beckmann rearrangement, hydrolysis and identification 
of the shorter-chain fregments."5® The position of the double bond in oleic 
acid was first shown to be in the 9-position by conversion to stearolic acid and 
hydration to a mixture of 9- and 10-ketostearic acids, followed by the Beckmann 
rearrangement procedure just outlined.“%” Simpler techniques are now avail- 
able for proving the position of double bonds and the keto acid-oxime procedure 


is infrequently employed. 
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3. Saturated monoketo fatty acids 


Systematic name 


MP. “GC 


Derivative 


2-Ketododecanoic 
3-Ketododecanoic 
9-Ketododecanoic 
10-Ketodedecanoic 


2-Ketotridecanoic 
10-Ketotridecanoice 
12-Ketotridecanoic 


2-Ketotetradecanoic 
3-Ketotetradecanoic 
4-Ketotetradecanoic 
10-Ketotetradecanoic . 

11-Ketotetradecanoic . 
13-Ketotetradceanoie . 


12-Methy]-10-ketotridecanoic 
12-Methyl-9-ketotridecanoic 
2-Methy1-12-ketotridecanoic 


2-Ketopentadecanoic 
4-Ketopentadecanoic 
11-Ketopentadecanoic . 
14-Ketopentadecanoic . 


2-Ketohexadecanoic 
-Ketohexadecanoic 
-Ketohexadecanoic 


“cl 


-Ketohexadecanoic 


-Ketohexadecanoic 
9-Ketohexadecanoic . 
10-Ketohexadecanoic . 
11-Ketohexadecanoic 

14-Methyl-10-ketopentadecanoic 


9-Ketoheptadecanoic 


2-Ketooctadecanoic 
3-Ketooctadecanoic 


4-Ketooctadecanoic 


5-Ketoocladecanoic 
6-Ketouctadecanoic 


-Ketooctadecanoic 
8-Ketooctadecanoic 


9-Ketooctadecanoic 


10-Ketooctadecanvic 


56-5-57° 


56° 


72° 


62-62-5° 


63° 
70-71° 


63-8° 


39-40° 
87° 
69° 
66-67° 


74-5" 


99° (dec.) 


| Methyl ester, b.p. 181-183°/11 


Ethy] ester, b.p. 164-165°/13 
Semicarbazone, m.p. 131° 


B.p., 185-186°/1 


Semicarbazone, m.p. 253° 
Oxime, 1a.p. 74° 


Semicarbazone, m.p. 100° 
Ethyl ester, m.p. 28-29°; 
b.p. 164-166°/1 


Methy] ester, m.p. 43 2-43-8°; 
b.p. 205-206°/15 


Oxime, m.p. 54° 


Semicarbazone, m.p. 111°; amide 
m.p. 119° 


Methyl ester, m.p. 54° 

Semicarbazone, m.p. 295-300°; 
methyl] ester, mp. 49° 

Semicarbazone, m.p. 126°; oxime, 
m.p. 85°; methyl ester, m.p. 48° 

Methyl ester, m.p. 54-5° 

Oxime, m.p. 59-61°; methyl ester, 
m.p. 46-5° 

Methyl ester, m.p. 49° 

Methyl ester, m.p. 46-5° 


Semicarbazone, m.p. 118-120°; 


methyl ester, m.p. 47-5° 
Semicarbazone, m.p. 100-101°; 
methyl ester, m.p. 46°; ethyl ester, 


q 
54-55° 
| 50-5-51° 
46-5-47-2° 
-| 68-68-5° 
-|  92-6° 
-| 70-71° 
; 69° 
91-92° q 
; 88° 
| 7° 
77--78° 
73-5-74-5° 
75-75-8° 
74-75° 
68-69° 
| 
f | 
| 97° 
87°; 91° 
87° 
| 
| 
| 
-| 83° 
| 
-|  82-5° 
| m.p. 41° 
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Table 3—continued 


Systematic name M.P., “C Derivative 


11-Ketocctadecanoie 82° Methyl ester, m.p. 47° 
12-Ketooctadecanoic . 81-5° Semicarbazone, m.p. 125°; methyl 
ester, 45° 

13-Ketooctadecanoic : 82° Methyl ester, m.p. 47-5° 

14. Ketooctadecanoic J 82° Methyl ester, m.p. 49° 
15-Ketooctadecanoic 83° Methyl ester, m.p. 53-5° 
16-Ketooctadecanoic : 93° Methyl ester, m.p. 54-5° 
17-Ketooctadecanoic 87-5° Methy] ester, m.p. 56° 
16-Methyl]-10- ketoheptadecanoic 71-2-72° 


10-Ketononadecanoie 86-87° 
13-Ketoheneicosanoie 89-90° Semicarbazone, m.p. 104-105° 
4-Ketodocosanoic -| 103° 
10-Ketodocosanoic 94° 
14-Ketodocosanoic ‘ 84-5° Oxime, m.p. 49-51° 


10-Ketotricosanoic 93-5° 


10-Ketotetracosanoic j 94 -94-5° 
13-Ketotetracosanoic 95° 


13-Ketotriacontanoic -| 104° 
18-Ketononatriacontanoic -| 116-3—-110-6° 


13-Ketodotetracontanoie 110° 


The Gate Se table have n compilt d from the e same reference works listed in footn ote of Table 1 
the literature references gi in the section of this chapter entitled ‘“‘Keto Fatty Acids,” ‘and unpublished 
research carried out in th € autba's laboratory. 


Alkyl esters of 12-ketostearic acid have been patented as plasticizers and 
stabilizers for gums and resins.“5®) 
Table 3 lists the better known saturated monoketo fatty acids containing 


twelve or more carbon atoms. 


VII. MisceELLANEOUS OXYGENATED Fatry Acips 


(a) Hydroxyketo acids 
9 (10), 10 (9)-Hydroxyketostearie acids, apparently formed in equal amounts, 
have been prepared by oxidizing oleic and elaidic acids at low temperatures 
with neutral, dilute, aqueous potassium permanganate solution.“5®), (260), (61) 
Excess alkali must be avoided" otherwise an almost theoretical yield of 
high-melting, 9,10-dihydroxystearie acid, m.p. 131°, is obtained from oleic 
acid, and low-melting 9,10-dihvdroxystearic acid, m.p. 95°, from elaidic 
acid.‘!®) The isomeric hydroxyketostearic acids have been separated by frac- 
tional crystallization of their semicarbazones, followed by hydrolysis,“® 
9-Hydroxy-10-ketostearic acid melts at 74°; 10-hydroxy-9-ketostearic acid 
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melts at 75-5°. Both isomers are readily suluble in most organic solvents. The 
mechanism of ther formction from oleic acid is not known; 9,10-dihydroxy- 
stearic acid is not an intermeniate. 

The hydroxyketostearic ucids are vleaved with periodic acid at room tem- 
perature and with acidic potassium permangenate at elevated temperatures.“ 
Mild chromic acid oxidation yields diketostearic acid, and reduction yields 
9,10-dihydroxysiearic acid, melting pcint 131°.9% Fehling’s solution and 
ammoniacal copper solutions are also reduced by hydroxyketostearic acids.2™ 
Of interest also is the facile cleavage of these acids in good yield in alkaline 
solution with gaseous oxygen to pelargonic and azelaic acids.“®?, 61), (163) 
The cleavage of the chain is dependent mainly on the excess of alkali present.“ 
In alkaline solution each of the hydroxyketostearic acids is converted to the 
equilibrium mixture in 24 to 36 hours at room temperature or within a few 
minutes at 100°, 


(6) Oxo reaction 


Reaction of olefins under pressure with carbon monoxide and hydrogen in the 
presence of certain metallic catalysts yields aldehydes, as shown: 


CO+H, 
—CH=CH— ——- [—CH—CH—] +> —CH—CH,— 
| 
Cc CHO 


These are usually reduced further to the corresponding alcohols, or they can be 


oxidized to acids.“ (65) Tf long-chain olefin, such as metnyl oleate, is 
the starting material one can prepare branched aldehydo acids, hydroxy acids 
or dibasic acids by means of this reaction. Although the oxo reaction has 
considerable promise, it has not received extensive study with long-chain 
olefinic materials derivable from fats. 
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ADDENDUM (APRIL, 1954) 


In the preparation of this chapter, the literature was consulted through 1952. 
Since then this field has been remarkably active and about fifty pertinent 
literature references have appeared. Thess are listed below in groups which 


correspond to the main subdivisions within the chapter. 

Of interest are the papers by JUNGERMANN and Sporrri and by Mack and 
BickFrorpD whe showed that the reaction of 9,10-epoxystearic acid with hydrogen 
chloride or hydrogen gave predominantly 10-hydroxy-9-chlorostearic acid and 


10-hydroxystearic acid, respectively. 

CuIBNALL, Prrer and WILLIAMS have shown conclusively that phrenosinic 
(cerebronic) acid is a mixture of 85 per cent a-hydroxytetracosanoic and 15 
per cent «-hydroxyhexacosanoic acid. Horn, HouGEeN and von RupDLorrF have 
shown that a-hydroxy acids containing 12, 14, 16, and 18 carbon atoms com- 
prise nearly 30 per cent of the acids of wool wax, with the C,, predominating. 
An unusual hydroxy acid, heptadec-10-en-8-yne-7-hydroxy-l-carboxylic acid, 
has been isolated by Ligthelm from the oil of Ximenia caffra. 

By determination of the optical activity of the methyl esters and the acetyl 
derivatives of castor oil acids, BoLLry has shown that castor oil contains 90-93 
per cent of ricinoleic acid (as the glyceride). KNaro has prepared pure ricinoleie 
acid from the mixed fatty acids of castor oil by acetylation of the hydroxy acids 
and precipitation of the straight-chain acids as urea complexes, fo'lowed by 
isolation of ricinoleic acid from the non-complexed acetates. 

Arsi, Vmxas and LEDERER and ASSELINEAU have shown that «-mycolic 
acid is a mixture of a dihydroxy acid, C,, H,,, O, + 5 CH,, with a hydroxy and 
methoxy acid. A provisional structure is reported for the dihydroxy acid. 
Locan has shown that 9,10-dihydroxystearie acid can be cleaved to azelaic 
and pelargonic acids in high yield by fusion with aqueous alkali at elevated 
temperatures. McGuire has prepared ketohydroxy acids from 9,10-dihydroxy- 
stearic and 13,14-dihydroxybehenic acids by oxidation with chromic acid to the 
corresponding diketo acids, followed by partial reduction with zine. 


239 


(181) 
(152) 
(153) 
(154) 
(155) 
: (158) 
(157) 
(158) 
(159) 

(160) 

aan 

(162) 

(163) 
(164) 
(165) 


Oxygenated Fatty Acids 


Improved syntheses of ketones and keto acids have been described by Bow- 
MAN and ForpHaM; Buvu-Hoi; Kreucnunas; Lztrreé and Jaun; Manyrik, 
Frosteck, SANDERSON and Hauser; Smuszkowicz; STeTrerR and KLANKE; 
STetrer and Drericus; VISCONTINI; and Youo and 

GuNSTONE has reviewed recent developments in the preparation of natural 
and synthetic fatty acids. 


(a) Epoxy Acids 
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LOW PRESSURE 
FRACTIONAL DISTILLATION 

AND ITS USE IN THE INVESTIGATION °- 

OF LIPIDS 


K. E. Murray* 


I. INTRODUCTION 


FRACTIONAL distillation at low pressure has for long been a powerful and 
virtually indispensable tool in lipid chemistry, its main field of application 
being to the analysis and isolation of the constituent fatty acids, where complex 
mixtures are often encountered. 

The technique of laboratory fractional distillation made great advances in 
the ’thirties to meet the needs of research on the constituents of petroleum. 
The efficient fractionating columns so developed for use at atmospheric pressure 
were soon adapted to the low pressure distillation of the higher fatty acid 
esters, and the much improved separations which they gave made possible the 
deveiopment of the analytical procedures now in use for fatty acid mixtures. 
However, operation at low pressures introduces special problems, and apprecia- 
tion of these has led in recent years to the development of efficient equipment 
specially designed for low pressure work. With the accumulation of reliable 
data for the vapour pressures of fatty acid esters, and the introduction of the 
method of amplified distillation, such equipment has made the fractionation of 
fatty acids a procedure of high efficiency and wide applicability. 

This article is an attempt to survey the recent practice of laboratory low 
pressure batch distillation and its application to the fractionation of fatty-acid 
esters, but the techniques may well be applied to other substances of comparable 
molecular size. Because of the great volume of the literature an exhaustive 
review has not been attempted, but it is believed that the more important con- 
tributions to fatty acid ester distillation have been covered, especially those 
since the reviews of MARKLEY (1947) and Rarts_on (1948). For a full general 
account of laboratory distillation and its terminology reference should be made 
to the recent works of Carney (1949) and Weisszercer (1951). The subject 
has been critically reviewed by Given (1950). Classified abstracts of the 
literature on distillation for the years 1941-45 and 1946-52 have been published 
by Rose and Rose (1948, 1953). 


* Commonwealth Scientific and Industrial Research Organization, Melbourne, Australia. 
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II. Low Pressure* Fracrionat 


A. Some factors of special importance in low pressure distillation 


Owing to the hazard of thermally decomposing the less stable and longer chain 
fatty compounds, it is naturally desirable to operate at as low a pressure as 
possible: in the range 1 to 10 mm halving the pressure lowers the boiling point 
13 to 16°C. When fractional distillation is performed at ‘ow pressures, several 
factors having negligible effect at atmospheric pressure become of importance, 
and may make an apparatus well suited to use at normal pressures both difficult 
to operate and of reduced efficiency. For example, the pressure drop through 
the column becomes greater in relation to the total pressure, the charge may 
evaporate in a troublesome manner, and the high vapour velocity and other 
factors may reduce the fractionating efficiency of the column. 


1. Pressure drop 


The pressure drop through a column is a characteristic of the type of packing 
or column and a function of the vapour velocity or boil-up rate. When a column 
is operated at atmospheric pressure the pressure drop is small in relation to the 
total pressure, but if the head pressure is reduced the pressure drop, which does 
not alter greatly, becomes larger in relation to the head pressure, and eventually 
may become many times its value. In the attempt to reduce the thermal 
hazard of material in the still pot to a minimum many investigators perform 
distillations in packed columns at a head pressure, which because of a large 
pressure drop, is only a small fraction of that in the still pot, and temperature 
differences of up to 100°C between column head and still pot are frequently 
reported. Norris and Terry (1945) have shown that such operation does not 
achieve the desired purpose. They distilled methyl palmitate through a column 
of large pressure drop (26 mm at 1-2 mm) and noted an increase of 1°C when 
the head pressure was raised from 1 to 2 mm and only 7°C for an increase from 
1-2 to 10mm. Furthermore it has been observed that with a spinning band 
column (Murray, 1951) of small pressure drop (0-5 mm at 0-5 mm) that little 
decrease in the temperature of the charge resulted from working at head 


pressures below 0-5 mm. 
Since the main purpose of distilling at reduced pressures is to lower the 


temperature of the still-pot contents to avoid or reduce decomposition, it is 
obvious from the above that the pressure drop characteristic of the column 
determines the lowest pressure at which it may be effectively used, and this 


pressure appears to correspond roughly to the pressure drop. However, as the 
latter varies considerably with boil-up rate at low pressures, operation is 
possible at lower pressures by reducing the boil-up rate. The restriction placed 
on packed columns generally by their relatively large pressure drop has led 


* The term “low pressure distillation” is preferred to “vacuum distillation” as being less vague 
and quite distinct from “high vacuum distillation” which usually signifies molecular distillation. 
For the purpose of this review it is taken to cover the pressure range 0-1 to 10 mm, all pressures 
referred to being in millimetres of mercury. 
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investigators to develop columns which combine high efficiency and a small 
pressure drop, particularly for use at low pressures. 


2. The evaporative behaviour of the distilland in the still pot 


Uneven beiling or “bumping” of the distilland can make efficient fractional 
distillation at low pressures impracticable, and many devices to cause more 
even boiling have been suggested with varying degrees of success (see BowMaN 
and Tipson, 1951). Until recently little had been done to study the conditions 
of vaporization at low pressures, but now two factors may be recognized in 
relation to efficient column operation. These are, (a) the cause of uneven 
evaporation and associated superheating of the charge and (b) the effect of 
stirring the charge on the efficiency of fractionation. 

(a) Distillation at pressures lower than about 2 mm, in the absence of de- 
composition, takes place from a quiet surface as an evaporative process, and 
under these conditions a considerable degree of superheating may occur which 
can lead to explosive boiling (Bircu, Gripp, and Natuan, 1947). In a deep, 
unstirred charge heated externally from below, ebullition is prevented in the 
lower layers by the hydrostatic head of liquid being greater than the vapour 
pressure. The heat required for evaporation from the surface must therefore 
be conducted through the charge and a large temperature gradient between 
wall and surface will result. If a temperature high enough to overcome the 
effect of the hydrostatic head is reached, the superheating will cause rapid or 
explosive boiling. When this ceases the process will be repeated. The combined 
recent studies of Hickman and Trevoy (1952) have shown that this picture is 
far from complete. They have recognized that evaporation is governed by 
surface conditions, and that liquids tend to form a surface film which hinders 
evaporation. The film is probably due to traces of a soluble impurity preferen- 
tially located in the surface of any undisturbed liquid. The effect is most pro- 
nounced in the range of 0-001 to 10 inm projective pressure when the surface 
may separate into two clearly distinguishable areas, a smooth “‘torpid” section 
and a violently agitated “active” or “working” section. Certain mixed liquids 
present an entirely torpid surface, some chemicaliy pure liquids an all-active 
surface, but the usual condition is “schizoid” with both present (Plate I). The 
rate of evaporation from the torpid area may be much less than that from the 
working area by a factor of one-half to one-thousandth, and because of this 
considerable superheating in the torpid surface may occur. Once formed the 
torpid area tends to dominate and engulf the working area, and a rise in tem- 
perature of 10° to 15° may be necessary to puncture the torpid surface and re- 
establish working conditions. The resulting explosion of vapour cools the 
liquid and torpidity again becomes uppermost. 

(0) Brrcu, Grip, and Natuan (1947) have observed a pronounced improve- 
ment in the fractionating efficiency of their spinning band column when the 
charge was stirred. This is shown in a striking manner in Fig. 1 by the com- 
parative fractional distillations of hydrogenated rape-seed oil fatty acid methyl 
esters performed with and without mechanical stirring of the charge. These 
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Nate I. Schizoid behaviour of an evaporating surface. 
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authors have suggested that under quiet surface conditions the surface layer 
is depleted of the lowest boiling component of the charge at a faster rate than 
it can be replenished by diffusion from the body of the liquid. 

HIckMAN and Trevoy (1952) have found that the apparent relative volatility 
of the binary mixture ethyl hexyl phthalate—ethyl hexyl sebacate distilled at 
high vacuum from a pot-still under a wide range of conditions, was greatly 
increased by agitation of the charge by mechanical stirring cr an air inlet. The 
effect was so striking that they concluded that there is little reason not to use 


$$ 
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Fractionation of methyl esters of hydrogenated rape seed oil fatty acids with (—) 
and without (. . .) stirring of the charge. 
(from Brircn, Grirr, and Natuan, 1947.) 


agitation during distillation. Furthermore they have observed large differences 
in vapour composition from “‘torpid” and “working” surfaces. Thus for the 
above binary mixture at 150°C the apparent relative volatility from the working 
surface was 2-68, but only 1-25 from the torpid area. Since, as they have noted, 
the formation of « torpid surface is brought about by conditions causing de- 
pletion of the evaporating surface of its lighter components, and is further 
favoured by even heating of the still pot, it seems evident that the effect of 
stirring on fractionation noted by Brrcu, Grirp, and NaTuan can be explained 
by the occurrence of “‘torpidity.” 

It is concluded from this recent work that stirring of the charge is essential 
for the greatest efficiency in iow pressure fractionation. 


3. The efficiency of fractionation at low pressures 

Byron, Bowman, and Cou. (1951) have considered in a qualitative manner 
the effects of pressure reduction on the efficiency of contact rectification. 
Besides difficulties associated with a large pressure drop, the vaporization of 
the charge, and high vapour velocities which may seriously interfere with 
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operation, they recognize several effects which concern the enrichment mechan- 
ism itself. These are caused by the increase of diffusion in the vapour phase 
and by the decrease of absolute vaporization and condensation rates at the 
interface with reduction of pressure. They are, firstly, the diffusion rate normal 
to the interface is increased and this increases the transfer rate between 
liquid and vapour and is favourable. Secondly, the diffusion rate in the 
direction of vapour flow is also increased and this effect may be strongly un- 
favourable. Thirdly, the decrease of the vaporization and condensation rates 
is unfavourable because it directly affects the transfer rate between phases. In 
considering the sum of these effects these authors have concluded that contact 
rectification cannot be expected to yield sharp separations at high vacuum, when 
recourse must be made to “‘multiple redistillation” for efficient fractionation. 

Bowman and Trrson (1951), who also have described the above effects, state 
that no critical lower pressure limit for the effective use of contact rectification 
can be given, since the relative effects depend greatly on the design of the 
apparatus, but from practical experience atmospheric-pressure stills will fune- 
tion satisfactorily down to a pressure of a few centimetres. Also, in the range 
between about 1 mm and molecular-distillation conditions contact rectification 
cannot be employed to any useful extent. It seems obvious that these con- 
clusions applied only to packed columns, but even so the pressure limit of a 
few centimetres is too high. It is possible to use packed columns of high effi- 
ciency down to head pressures of a few millimetres, at reduced boil-up rates 
and many examples are contained in the literature on lipids of such a practice. 
WeITKAMP (1945) used a modified Stedman column, a typical atmospheric 
pressure type, for the effective separation of the wool wax acid methyl esters 
at a head pressure of 1-95 mm. 

There appears to be no published work on the testing of column packings by 
binary mixtures at pressures below approximately 20 mm where the H.E.T.P. 
has been observed to be not widely different from that at atmospheric pressure 
(Hawkins and Brent, 1951; Bereo and Popovac, 1949; My es ef al., 1951). 
However, a number of determinations of the efficiency at lower pressures have 
been made on columns of small pressure drop, chiefly of the spinning band type. 
ZUIDERWEG (1952) found that a spinning band column lost 70 per cent of its 
efficiency between 760mm and 10mm, but BsOrkKMAN and Otavi (1946) 
observed practically no decrease in the number of theoretical plates for a 
spinning band column of similar size, on reducing the pressure from 760 to 
9 mm. 

Several investigators (WILLIAMsoN, 1951; CruTHIRDS, JoNEs, and Sry- 
FRIED, 1951; Cow Lry, 1953) have determined efficiency also of spinning 
band columns at atmospheric pressure and head pressures of 1 mm and 0-05- 
0-1 mm, and WiiuiaMs (1947) has compared the performance of an open 
tube wetted wall column at atmospheric pressure and 1 mm. Even though the 
accurate determination of H.E.T.P. at low pressures is attended with difficulties 
(see later), the combined results of the above workers are sufficiently pro- 
nounced and consistent to show a decrease of fractionating efficiency from that 
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at atmospheric pressure to } — } at 1 mm and } — } at 0-05-0-1 mm head 
pressure. 

This fall in efficiency at low pressures, which is expected for the reasons 
given earlier, by no means renders contact rectification useless below 1 mm as 
suggested by Bowman and Tipson (1951). Reasonable efficiency at a head 
pressure of 0-5 mm is shown by the excellent separations made by Brrcu, 
Gripp, and NatHan (1947) and Murray (1951) with spinning band columns 
operating over their entire length below 1 mm. Under certain circumstances, 
such as for the fractionation of highly unsaturated esters, werthwhile fractiona- 
tion might be achieved in wide spinning band columns of very small pressure 
drop down to a pressure of 0-05 mm, where CowLey (1953) has found the 
efficiency of such a column (36 mm diam.) to be approximately } of its value 
at atmospheric pressure. 

Until further necessary data on the efficiency of low pressure distillation is 
forthcoming it is concluded that there is loss of column efficiency at low pres- 
sures, but that for practical purposes the lower limit of useful operation for a 
column will probably be governed by its pressure drop. 


B. Equipment 

1. Columns and packings 

Until recently practically all low pressure fractional distillations in lipid chem- 
istry were performed with packed columns, which were probably selected on 
the basis of their high efficiency at atmospheric pressure. In general, packed 
columns containing a large number of plaies operate with a large pressure 
drop, and the limitation which this places on their use at low pressures has 
already been stressed. However, it is obvious from their widespread use that 
packed columns fulfil many of the requirements of lipid chemists, especially 
for work of a routine nature, when a column of moderate efficiency would be 
adequate for the purpose. 

Many types of packed columns have been used at low pressures but a general 
lack of comparable pressure drop data prevents an accurate assessment of their 
relative merits on this basis. However, Fenske glass helices (LONGENECKER, 
1937) and the Stedman gauze cone packing (WEITKAMP and BRUNSTRUUM, 
1941), both widely used for fatty acid fractionation, are stated to have rela- 


tively smaller pressure drop characteristics. Fenske helices, suitable for 


columns of moderate efficiency, are readily available and relatively inexpensive. 
A modified Stedman packing more easily constructed than the original type 
has been described by WeiTKamp and Ostap (1943) and used extensively by 
WEITKAMP and co-workers (see later). Mircuett and O’GorMAN (1948) have 
described a simply made but efficient helical-helix type of packing, a modifica- 
tion of which described by Snortanp (1952) has a moderately small pressure 
drop. 

To fill the need for a column of lower pressure drop than possible with any 
type of packing, Brrcu, Grip, and NaTuan (1947) have developed the spinning 
band column of Lesesnz and Loc..re (1938). ‘Their column of 36 mm diameter 
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had an operating pressure drop at 0-5 mm head pressure of only 0-04 mm or 
0-002 mm per theoretical plate. With this column and excellent auxiliary 
equipment they demonstrated the possibility of precise fractionation of fatty 
acid esters at 0-5 mm or less. WiLtiamson (1951) has since described a spinning 
band column of suitable size ard efficiency for routine fractionation at 1 mm. 
A column of the same type described by Murray (1951) has been used for the 
fractionation of long chain wax components hitherto impossible to distil with- 
out at least serious risk of decomposition (Murray and ScHOENFELD, 1951, 
1952, 1953) as well as for routine ester fractionation of fatty acids (Hatr and 
Szumer, 1953). 

The spinning band type of column has very little hold-up whick makes it 
most suitable for analytical fraction, and for fatty acid ester distillation this 
was demonstrated in a striking manner by Wyman and BarKeEnBus (1940). 
They effectively separated known mixtures of fatty acid esters using charges 
of only 1 to 5 gm. Because of their importance as general analytical columns, 
many designs have been published which mainly incorporate refinements on 
the original design of LesesnE and Locute (1938). Recent well designed 
assemblies suitable for use at low pressures are those of CnuTHIRDS, JONES, 
and SEYFRIED (1950) and two commercially available models, the Podbielniak 
‘“‘Heli-Band,’’* and the “‘Piros-Glover” micro still.¢ The difficulty in providing 


a trouble-free vacuum seal for the rotor shaft has been overcome by the use of 
a magnetic drive (Foster and GREEN, 1952). 

The performance of the rotating concentric cylinder column (WILLINGHAM 
et al., 1947; Jost, 1948) is outstanding at atmospheric pressure, combining a 
high boil-up rate without loss of efficiency with small hold-up and pressure 
drop. This last feature has suggested its use at low pressures, and its perform- 
ance will be matter of some interest especially with the modified rotors equipped 
with reflux spreading attachments recently described by Jost, Size, and 
Branpt (1953). 

A new type of column, operating on the principle of “thermal rectification” 
has been described by Byron, Rowman, and Cou.t (1951) and Hicksan (1952). 
It consists essentially of a heated tube, containing a cooled, concentrically 
placed rotor. Fractionation takes place between the two by partial evaporation 
from the reflux film flowing down the heated walls, the condensed material 
being flung back by the rotor. Unevaporated residues flow downwards to the 
still pot, while vapour continually passes upwards to regions of lower pressure. 
This column has been developed into a small commercial unit by BENNER, 
Dixakpo, and Toprn (1951). A necessary feature has been added by PERRY 
and Mansineo (1951) who maintain even distribution and stirring of the reflux 
film by a brush attached to the rotor. On account of its small pressure drop 
this column has been suggested for use at pressures down to a fraction of a 
millimetre. However, the writer has confirmed the observation of BENNER, 
Drxarvc, and Tosrn (1951) that it is very difficult to operate, and for work 


* Obtainable from Podbielniak Inc., Chicago, Ulinois, U.S.A. 
¢ Obtainable from H. S. Martin & Co., Evanston, Illinois, U.S.A. 
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on wax constituents has preferred a spinning band column of comparable 
pressure drop. The fractionating molecular still of Taytor (1951) may be 
considered a modification of this type in which the pressure drop has been 
eliminated. Upward movement of vapour is avoided by directing condensate 
to a higher point in the reflux film with the aid of upward slanting attachments 
on the rotor. 


2. Accessory equipment 


Efficient fractional distillation at low pressure depends not only on a suitable 
column but also on good accessory equipment. These include efficient insulation 
for the column, a still head incorporating either a constant take-off device or 
a reflux divider, means for control and measurement of head pressures and for 
measurement of head and still-pot temperatures, a pressure drop manometer 
between still pot and still head, and as stressed previously, a stirring mechanism 
for the charge. 

It is customary to select or modify such equipment, which is largely inter- 
changeable among column types, from the numerous designs in the literature, 
according to the particular requirements or resources of the investigator. The 
following remarks based mainly on the author's experience are intended partly 
to supplement recent reviews, as well as stress some points found to be of 
importance in the distillation of fatty materials. 

(a) Column insulation—Because of their low boil-up rate and the occurrence 
of reflux as a thin film, spinning band columns (and other wetted wall columns) 
need better column insulation than packed columns. This is particularly so 
for columns of smaller diameter in which the provision of an efficient vacuum 
jacket is almost essential. 

It is generally agreed that a vacuum jacket when well constructed is the 
most effective way of insulating a column, but their fabrication is beyond the 
resources of most laboratory workshops. One of the main difficulties is en- 
countered, especially with large jackets, with the “baking out” process under 
vacuum and subsequent sealing off. For permanent installations this.can be 
obviated by connecting the jacket permanently to a small diffusion pump for 
continuous evacuation during use (Dostrovsky and Jacoss, 1947). Perhaps 
the most popular alternative to vacuum jackets has Leen the use of electrical 
heater windings between two layers of lagzing (asbestos, magnesia-asbestos or 
glass fibre). Adiabatic conditions are maintained by adjustment of the tem- 
perature in the vicinity of the windings to that of the column. Control is 
exercised through suitably placed thermocouples or differential thermocouples; 
it may be made automatic by the arrangement of Hicnet ef al. (1950). The 
use of air thermometers in place of thermocouples for control purposes is 
suggested by Dixon (1950). 

(b) Still head and reflux ratio control—GiveN (1950) has stressed that the 
multitude of desigas of still heads of the total condensation type are necessarily 
of two types, either those which, independently of boil-up rate provide for a con- 
stant reflux ratio, or those which provide for a constant rate of take-off. None 
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can do both although this is achieved when the boil-up rate is kept constant. 
For low pressure disiiliation designs incorporating constant take-off are usually 
preferred. They allow reflux ratio to be varied over a wide range during opera- 
tion, fractions of equal size may be collected at regular intervals, and their 
relatively simple designs allow for easy lagging or heating to prevent solidifi- 
cation of distillate. However, the use of glass stopcocks for the regulation of 
the take-off of distillate should be avoided. The need to heat them renders 
them a source of leakage of air into the system and also of contamination by 
the stopcock lubricant. The better designs employ glass or metal needle valves 
for this purpose. For very low take-off rates such as is necessary with spinning 
band cclumns, very fine adjustment may be avoided by opening the valve at 
short intervals by operation through a solenoid and timing device. To maintain 
a constant reflux ratio constant boil-up is best achieved by adjustment of the 
still-pot heater to give a constant pressure drop. 

(c) Measurement of head temperatures—A true record of head pressure and 
head temperature is of undoubted value (see below), but it has often been noted 
that temperature readings are inconsistent at low pressures and especially below 
1 mm and at low boil-up rates (Hi_piTcn, 1947; Bircu, Grier, and Natuay, 
1947; Wttramson, 1951). This is probably due to the poor heat transfer 
between vapour and the thermometer or thermocouple, which allows radiant 
heat effects to or from the column walls or heating jackets to become appre- 
ciable. Brrcu, Gripp, and NaTuan (1947) eliminated these effects by surround- 
ing the thermometer bulb with a polished metal shield and by lagging of 
adjacent column walls. Murray (1951) has guarded against radiation from 
heated column jackets by wrapping the thermocouple well with aluminium foil. 

Head temperature records of pure compounds are only of value if the pressure 
recorded is indeed that at the still head. Wide bore connections of short length 
between column head and manometer should be used so that flow of vapour does 
not create an appreciable pressure drop. For this reason mechanical stirring of 
the charge is preferred to the use of a gas leak. Condensible vapours arising 
from decomposition should be removed by a dry ice or liquid air trap close to 
the head. It is highly likely that the use of narrow connections between still 
head and manometer combined with the use of a gas leak for stirring of the 
charge is the main reason for the wide variation in recorded boiling points at 
low pressures. 

More precise recording of head temperatures at low pressures (to + 0-2°C) 
with the use of fine pressure control (see below), and observance of the above 
factors now inakes boiling point at low fixed pressures of added significance 
for the identification of organic compounds. This is specially so for homolo- 
gous series of fatty compounds where the difference in boiling point is more 
pronounced than with the melting point. For the easy comparison of data, 
boiling points should be recorded only at certain standard pressures (e.g. 0-5, 
1, 2, 5, 10 mm) 

(d) Pressure control—Of the many manostats which have been described, only 
a few are reported to operate with precision and reliability at pressures of 1 mm 
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or less (WILLIAMs, 1947; Bircn, Grirp, and NaTuan, 1947; Romanert, 1950). 
Of these the simplest and probably the most reliable is that described by 
Bircu, Gripp, and NaTHaNn, 1947 (see WEISSBERGER, 1950, p. 285). Gases 
from the column pass through an adjustable head of oil which governs the 
column pressure, and so to the pump which provides a reference pressure. The 
pump performance must therefore be consistent and along with the manostat 
should be protected by a cold trap against traces of solvents and decomposition 
products. Under such conditions control to within + 0-01 mm is possible and 
consistent over long periods without resetting. A manostat similar in principle 
has been described by Topp (1948) and is available commercially.* Filled with 
butyl phthalate it has a pressure range up to 4mm and also a sensitivity of 
+ 0-01 mm. 

(e) Fraction cutters—Bircu,Grirp, and NaTHAN (1947) have described a frac- 
tion cutting device which eliminates most of the defects of earlier conventional 
designs. It is compact and therefore simple to warm, it contains no grease 
lubricated stopcocks, and it permits an indefinite number of fractions to be 
taken. If it is used with an additional pump no air need be admitted to cause 
fluctuation of column pressure. 

(f) Stirring and heating of the charge—From the point of view of decomposition 
the last stages of a distillation are naturally the most hazardous. In an exter- 
nally heated round bottom still pot, under conditions of quiet evaporation the 
surface area of the charge decreases as the charge evaporates. The smaller 
bail-up rate due to this decrease must be compensated by an increase of the 
temperature of the heating bath. The additional heat dries out of the wall of 
the still pot, raises it above the temperature of the liquid and can thereby 
cause considerable decomposition, especially at the meniscus. Such conditions 
which appear quite likely with much of the distillation equipment in current 
use can be avoided by stirring the charge, preferably with a stirrer which can 
maintain a large area of fresh surface until the charge is almost completely 
evaporated. Such a stirring device may easily take many forms but the simple 
conical and tubular centrifugal stirrers used by HickMAN and his associates in 
their high vacuum still designs are most suited to this purpose (e.g. see Hick- 
MAN and Trevey, 1952; Trevoy and Torrey, 1953). A stirrer of this type 
made entirely of stainless steel and adapted for use with a spinning band 
column is shown in Fig. 2. The charge is pumped by the inclined tubes A from 
the lowest level of the flask and thrown outwards to the walls of the flask there 
to flow down as a film. The tubes A are mounted on a strip of stainless steel B 
(0-005 in. thick) which allows the device to collapse for removal with the band 
through the column. The amount of charge remaining unevaporated after 
pumping ceases depends only on the clearance of the inclined tubes with the 
bottom of the flask and can be made quite small. For use with packed columns 
such a device could easily be operated through the simple vacuum shaft seal 
described by Trevoy and Torrey (1952) or by a magnetic drive. 

For rotor columns the possibility also exists of making the iower part of the 


* Todd Scientific Company, Springfield, Pa., U.S.A. 
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column into a film evaporator by an arrangement shown in Fig. 3. The charge 
is pumped from the extreme bottom of the pot through a well-fitting square- 
threaded screw revolving at rotor speed in a stationary tube. It is flung to 


the column walls where it joins the reflux and flows down filmwise over the 
evaporating section. This arrangement has the advantages (a) that only a 


RM 


= 


> 


Fig. 2. Centrifugal type of stirrer in a spinning band column, A—inclined tubes, B— 

flexible support for tubes C—solid spindle loose fit in hollow spindle (D), F—aluminium 

walls polished internally, F—conical shield to deflect direct radiation, @—infra red lamp, 
H—lagging, I—side arm (thermocouple well omitted). 


fraction of the charge is in the evaporating zone at any time: the pot may be 
considered a reservoir and kept at a safe lower temperature, (b) heating of the 


evaporating section at all stages may be mild as a large and constant area of 
flowing surface is maintained until the pumping ceases. This evaporator has 
worked well when used with the rotary condenser column of BENNER, Dixarpo, 
and Tostn (1951) (the author, unpublished data). 
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The heeting of still pots is usually by means of electrically heated air or oil 
baths or by glass cloth electric heating mantles. With such external heating, 
heat must be conducted through the walls of the still pot and a considerable 
heat gradient may be set up between the external heating medium and the 
evaporating surface. Although this gradient may be largely reduced in the 


Fig. 3. Film evaporator. A—rotating screw, B—stationary tube, C—electrically wound 
section. 


charge by efficient stirring, the walls of the pot must of necessity be at a higher 


temperature and decomposition when it sets in could be expected to be initiated 


in their immediate vicinity. 

REAVELL (1944) first suggested that the heat barrier created by the poorly 
conducting (still pot) walls could be eliminated by the use of infra-red radiation 
for heating, making the containing walls of materials transparent to this radia- 
tion. Heat is thereby absorbed directly by the charge and high wall tem- 
peratures are avoided. With the ready availability of industrial infra-red 
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heating lamps in recent years, a number of investigators have used them for 
heating laboratory distillation equipment (Brascu, 1948; Lautre and Movutet, 
1949; Booy and Waterman, 1949). Rose (personal communication) has 
applied this method of heating to the fractionation on a large laboratory scale 
of fatty acid methyl esters. He used a number of lamps and the glass pot was 
equipped with a novel “‘bouncing”’ stirrer which promoted even evaporation 
by violent disruption of the surface of the charge. With such modifications 
decomposition was reduced ir a most impressive manner. This beneficial effect 
of infra-red heating on decomposition has been verified (the author, unpublished 
data) when fractionating compounds of longer chain length in a spinning band 
column equipped with the heating-stirring arrangement shown in Fig. 2. 
Furthermore, superheating of the pot contents was observed to be virtually 
eliminated, as the difference in head and pot temperatures of the above column, 
when distilling a pure compound, exactly correspond to the difference ia 
pressures as measured by the pressure drop. At 2 mm head pressure a difference 
of only 4°C was recorded. 

It is concluded that infra-red radiant heating has considerable advantages 
over the orthodox methods. Apart from the above reasons, it is safe, has 
almost immediate response to changes in input, permits a clear view of the 
charge, and the lamps are easy to install or replace. 


C. Column operation 


1. Column testing at low pressures 


In recent years a number of binary mixtures have been investigated for the 
determination of H.E.Y.P. at pressures in the region of 1mm and less 
(WituiaMs, 1947; Perry and Fueuirt, 1947; Benner, Drvarpo, and Torin, 
1951; Trevoy, 1952). These mixtures may give valuable data especially for 
comparison between column types, and for variation of operating conditions, 
but from the point of view of actual column operation, results from their use 
should be accepted with some reservation because of the following reasons: 
(a) The binary mixture may have quite different film-forming properties to 
the materials to be regularly distilled. (b) It is necessary to assume that the 
relative volatility « is constant over the whole pressure and temperature range 
of the column. (c) Doubt may be cast on the accuracy of earlier data by the 
discovery of Hickman and Trevoy (1952) that a may vary widely according 
to the evaporative conditions prevailing in the equilibrium still. Furthermore, 
H.E.T.P. determinations are usually made under equilibrium conditions at 
total reflux, a condition never attained under working conditions. The most 
reliable method of judging the efficiency of a column for any particular use is 
from the sharpness of separation of model compounds revealed by a distillation 
curve (product composition — per cent distilled) determined under operating 
conditions (cf. Rosz and Rosr, 1951). The model compounds should be closely 
related to those to be regularly distilled, as differences in film-forming properties 
may exist. It is noted, for example, that long chain fatty acids (BENNER, 
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Drxarpo, and Tosrn, 1951) and long chain alcohols (Murray, 1951) do not 
wet hot column walls well enough to give a reflux film. 


2. Opcrating pressure 


The probable loss of some of the column efficiency at low pressures already 
considered, naturally makes it desirable to operate at as high a head pressure 
as possible without decomposing the charge. However often the possibility of 
decomposition makes it desirable to operate at the minimum pressure possible. 
As a general rule this should not be much less than a value equal to the pressure 
drop of the column. Further decrease of head pressure should be made only 
when the measurement of pot temperatures indicates that advantage is to be 


gained. 


3. Reflux ratio 


It is the usual practice for the most efficient operation of a column to use a 
reflux ratio approximately equal to the number of plates in the column, and 
Rose (see Rose and Rose, 1951, p. 169) has shown that this has a theoretical 
basis. He has concluded that to achieve a relatively good separation (his 
“standard separation’) with the most effective use of the plates in a column 
(and of the time consumed), the reflux ratio should be not less than % or 
more than $ of the number of plates. Within these limits a lower number 
of plates may be compensated by a higher reflux ratio and vice versa, but little 
benefit may derive, in terms of sharpness of separation, from operation outside 
these limits. Thus a column of 20 plates gives substantially the same separa- 
tion when the reflux ratios is increased from 40 to 80: 1. 

Since the time of distillation is of prime importance in low pressure distillation 
because of decomposition, and this is controlled by the reflux ratio, it is natur- 
ally desirable to operate at as low a reflux patio as possible without affecting 
the sharpness of separation. It is therefore preferable, if its pressure drop is 
not excessive, to use a column of greater efficiency than necessary so that the 
desired separation is achieved with a reflux ratio as low as possible. This is so 
when, as is quite common, one column of high efficiency is used for all low 
pressure fractionations in the laboratory. The reflux ratio may then be adjusted 
according to the difficulty of the particular separation. With the relatively 
easy separation of homologous fatty acid esters quite low reflux ratios are then 
permissible. Thus Werirkame and Brunstruum (1941) obtained excellent 
separations with a reflux ratio as low as 3 or 4: 1 provided this was raised as 
the transition points were approached. However, when no clear indication of 
the early approach of a transition point can be obtained, as when the column 
is insulated with a vacuum jacket, the use of a constant adequate reflux is 
advisable. 


4. Boil-up rate: charge: chasers 


The boil-up rate (or throughput) directly affects the time required for a dis- 
tillation, and should therefore be as high as possible. However, its increase 
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raises the pressure drop, usually causes a loss in efficiency, and eventually for 
packed columns, the onset of flooding. The rate chosen can therefore only be 
a compromise between the time available and the demands of these factors. 
For packed columns the boil-up rate at low pressures must be considerably lesa 
than the optimum value at atmospheric pressure. Spinning band columns must 
be operated at low boil-up rates as their high efficiency rapidly decreases with 
increase of boil-up rate. ‘ 

There seems to be little theoretical guidance as to the optimum size of the 
charge for any particular column, but for practical purposes it is related to the 
operating hold-up and usually a volume of 10 to 20 times this value is recom- 
mended. This means that when the distillation is finished, 5 to 10 per cent of 
the charge remains undistilled. These “column residues” may be readily 
obtained as distillate by the addition to the charge of a higher boiling material 
which “chases” the last of the charge through the column. The chaser should 
be stable and must be easily separable from the material under examination as 
it will be present with it in the last fraction. The possibility of successfully 
distilling small charges with the aid of a chaser has been demonstrated by 
PopBIELNIAK (1945). He obtained remarkable fractionation with a charge 
approximately equal to the column hold-up, and a column having more 
theoretical plates than was necessary for the separation. This ase of a ehaser 
should be borne in mind, particularly for routine fatty acid ester fractionation, 
where often only a limited quantity of esters is available. 

Probably the best selection of a chaser for fatty acid ester fractionation would 
be from a series of hydrocarbons of suitably spaced boiling points. As such 
compounds are not readily available a fraction of a commercial mineral oil may 
be substituted. The oil may be conveniently fractionated into 10° cuts and 
that fraction used which boils 20 to 30° above the boiling point of the highest 
ester likely to be present. The end of the ester fractionation is then marked by 
the sudden rise in head temperature to the boiling range of the chaser. Hydro- 
carbor. occurring in the last ester fractions may be easily separated either by 
crystailization, or by selective adsorption on neutral alumina of silica, or the 


free acid may be isolated after hydrolysis. 


III. Fracrionat oF Fatry Acip Metuyt Esters 


1. Simple fractional distillation 


The analytical fractionation of fatty acid methyl esters by simple fractional 


operation in the analysis of fats and oils, but is frequently performed in such 
a way as to result in very poor fractionation. The object, to divide the esters 
into families differing in the degree of unsaturation but of the same chain 
length, is thereby not accomplished and individual fractions may contain esters 
of 2 or even 3 chain lengths. It is true that satisfactory analyses can be made 
on such fractions, on the basis of their chemical constants and ultraviolet 
absorption measurements, but the resulting calculations are involved, and 
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require several simplifying assumptions. Great (and perhaps undue) reliance 
must also be placed on the accuracy of the above determinations. 

Good separation between esters of even carbon number using columns of 
moderate to high efficiency is a re!atively simple matter as many workers have 
shown. A large proportion of the fractions (the plateau fractions) are obtained 
of a single chain length, which makes for simplified aud more eccurate sub- 
sequent analysis. The number of fractions taken need be few, one for each 
plateau and one for each transition. Good fractionation decreases the pos- 
sibility of overlooking the presence of minor constituent acids, and permits the 
positive identification of the major ones by their isolation from the plateau 
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Fig. 4. Semi-micro fractionation of the methyl esters of the acids from Lactobacillus 
orabinosus. 
(from Horvann, Lucas, and Sax, 1952.) 


fractions in a state of purity. Wrrrkamp and Brunstruvum (1941) have con- 
sidered that precise fractionation is in itself sufficient for a reasonably accurate 
analysis of fuliy hydrogenated homologous esters, the composition being deter- 
mined from the mid points of the temperature transitions between plateaux. 

A fine example of the ef 
ment is supplied by recent work of Horman, Lucas, and Sax (1952). From 


ficient use of simple distillation and modern equip- 


the lipids of Lactobacillus arabinosus they have isolated on a semi-micro scale 
a new and unusual C,, acid containing a cyclopropane ring. A semi-micro 
spinning band column (Piros-Glover) was employed at 3mm head pressure. 
The distillation diagram is shown in Fig. 4 and the excellent separation of the 
C,, methyl ester from the C,, esters is noteworthy. With the aid of precise 
fractional distillation techniques, SHoRLAND and his co-workers have detected 
and isolated small percentages of hitherto uasuspected branched chain fatty 
acids from a number of common animal fats (HansEN, SHorLanp, and Cooks, 
1951, 1952a, 1952b, 1953; Hansen and SHortanp, 1951, 1952; Morice and 
SHor.LANn, 1952). The diversity of the fats (ox, mutton, butter, shark liver oil) 
suggests that distribution of such branched acids is widespread in fats and 
because of their small amounts have been hitherto overlooked. Cason and 
SuMRELL (1951) have reported that by repeated simple distillation of a sample 


of methyl phthioate, that phthioic acid previously considered a chemical entity, 
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is indeed a complex mixture of at least twelve components, one of which 
(C,, phthienoic acid) was isolated in a pure state. 


2. Amplified distillation 

WerTKamp (1947) has pointed out certain limitations of fractional distillation 
for analytical work, and to overcome these he has described a technique of 
amplified distillation with special application to the fractionation of fatty acid 


methyl esters. Quoting from his paper: 


“If a large number of theoretical plates is required for a given separation, 
it follows that a correspondingly large amount of a given component must 
be present before any is available for separation at the desired purity. The 
reason for this is that as a cut point is approached and passed, there is a 
gradual change in the composition of the distillate from lower boiling 
component to higher boiling component. The amount of this inseparable 
mixture is a function of the column hold-up per theoretical plate. 

“Amplified distillation is a technique by which the interjacent mixtures 
inevitably encountered in ordinary fractional distillation may be eliminated 
in certain specific instances. This permits a more nearly complete separa- 
tion of the components in the desired purity and is especially useful in 
case certain compcnents occur in small proportions or in case the sample is 
of limited availability. Amplified distillation does not alter the efficiency 
of a given still but merely allows the full efficiency of the still to be de- 
veloped with respect to the separation of each component, regardless of 
the amount or proportion present in a given mixture. 

“In amplified distillation an additional component is introduced. The 
component is so selected that it distills between the components of the 
mixture and is easily distinguishable and separable from them. For the 
amplified distillation of methyl esters a hydrocarbon mixture of petrolenm 
origin meets these requirements and has the added advantages of a smooth 
true boiling point curve and ready availability. It is only necessary to 
select a commercial product having the appropriate distillation range.” 


WeiTKAMP has found that the distillation of free fatty acid mixtures with 
mineral oil gives indifferent separation of only qualitative value. Due to azeo- 
trope formation they are completely eliminated below their boiling pcints. 
Azeotrope formation is not encountered when using the relatively non-polar 
methyl esters, which distil at their normal boiling points. Their elimination 
curves closely follow the shape of Maxwell distribution curves which are shown 
superimposed on them in Fig. 5. The peak of the curve corresponds with the 
true boiling point of the methyl ester. Like the distribution curves, the elimina- 
tion curves extend considerably in both directions but overlapping may be so 
slight, as between the C,, and C,, curves in Fig. 5, that acids of better than 
99 per cent purity may be isolated from these fractions. 

A striking example of the degree of separation which can be achieved by this 
method of distillation of fatty acid esters is provided by its application by 
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WeiTkaMp (1945) to the separation of the acids of wool wax. No less than 
32 acids were isolated in a state of considerable purity. They belonged to four 
homologous series (normal-, iso-, ante-iso, and 2-hydroxy-) and the separations 
are all the more remarkeble in that the corresponding normal and iso acid 
esters boiled only 3 to 4° apart, and many of the acids were present only in 
traces. This work undoubtedly deserves the tribute of being the finest example 
of the effective use of distillation methods in the history of investigative work 
on lipids. Amplified distillation has also been employed by WEITKAMP and co- 
workers for the isolation of the acids of human hair fat (WEITKAMP, SmmLsanic, 
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Fig. 5. Amplified distillation of cottonseed cil methyl esters 
(from 1947.) 


and Rotruman, 1947; RoruMan ef al., 1947). It is indeed surprising that it had 
not been used for the more usual analysis of fatty acids from fats and oils until 
only recently, when Hatt and Szumer (1953) employed it in conjunction with 
precise simple fatty acid ester fractionation. They considered that the informa- 
tion available from the amplified distillation of the hydrogenated and saturated 
esters was, where applicable, more reliable than that provided by simple 
fractionation. 

Barry, Sato, and Craic (1951) have pointed out that a satisfactory method 
for use in biochemical work for the separation of homologous fatty acids should 
meet the following requirements: (a) it should give good resolution between 
the members of the series, (4) regardless of their relative amounts, (c) be quanti- 
tative, and (d) provide sufficient material for identification by the classical 
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methods. These authors further considered that precise fractional distillation 
satisfactorily fulfilled these conditions except that it usually required too much 
material and for this reason attention of investigators was being diverted to 
the possibilities of other separation processes based on chromatography and 
counter-current solvent distribution. This objection on the score of material 
needed is largely removed by the use of the amplified distillation techrique 
which furthermore fulfils the other requirements above even better than simple 
fractional distillation. WerTkampP (1947) has stated that excellent analyses can 
be performed on a fraction of a gramme of methyl ester mixture. With the 
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Fig. 6. Two-stage amplified distillatior of the methyl esters of the normal acids of carnauba 
wax. 
(from Mcrray end SCHOENFELD, 1953.) 


recent development of efficient micro columns the ester charge could be made 
very small, particularly when in special cases (such as for the normal saturated 
acids}, identification could be made on the boiling points of the esters, as shown 
by the peaks of the elimination curves. The limitation for accurate quantitative 
analysis in this case would probably be the accuracy of the micro saponification 
determination on the fractions. The value of the amplified distillation to bio- 
chemical work is well illustrated by its effective use in the separation and total 
recovery of small amounts of labelled carbon fatty acids derived from experi- 
mental animal tissues (Masoro, Cuatkorr, and DauBEN, 1949; DacBen, 
HoeErGER, and PETERSEN, 1953). 

Amplified distillation, combined with the use of an efficient spinning band 
column, has been shown to be a potent combination for the separation of long 
chain wax constituents. Murray and ScHorNFELD have found that acetylated 
long chain alcohols can be separated in a similar fashion to the acid methyl 
esters, and with the above combination have isolated the normal alcohols of 
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carnauba wax (1951) and branched (iso- and ante-iso-) alcohols from woo! wax 
(1952). Further work (Murray and SCHOENFELD, unpublished data) has shown 
that homologous series of long <hain diols and hydroxy acids may be likewise 
successfully separated as their diacetates or acetylated methy! esters respec- 
tively. They have also separated seven normal acids from carnauba wax (1953) 
a record of the amplified distillation being shown in Fig. 6. It is noteworthy 
that from an ester charge of only 5 gm, seven acids could be isolated (from the 
unshaded fractions) in a state of purity sufficiently high to make their positive 
identification by crystal form, x-ray spacings and melting points, a relatively 
simple matter. 

Cason and SumMRELL (1951) have investigated the use of amplified distillation 
for the separation of fatty acids of bacterial origin, and consider it of limited 
yalue because (a) the boiling point of the ester is lowered by the presence of 
the oil and (b) the efficiency of the column is likewise lowered. The claim (a) has 
been refuted by Murray and ScHOoENFELD (1952) who confirmed WrErrkamp’s 
original findings. Furthermore, the data quoted by Werrxamp (1945) for the 
boiling points of methyl esters of normal acids isolated by amplified distillation, 
are in good agreement (within 1°C) of recent vapour pressure-temperature 
measurements on the pure esters (see later). Regarding their second claim (6), 
it is obvious from WerEITKAMpP’s results that the efficiency of his column had 
been considerably improved with respect to the separation of adjacent esters 
(C,,, C,,): separation of such esters to the extent of 99 to 100 per cent would 
have been impossible by simple distillation with any column at present available. 
It is probable that the disappointing results of Cason and SUMRELL was a result 
of their use of a column of considerable lower efficiency than that of WerrkampP. 


3. Fractional molecular distillation 

Molecular distillation as performed in the laboratory with a pot still or falling 
film apparatus has a relatively poor separating power. For this reason it is 
rarely used for the separation of fatty acid mixtures, although the work of 
FarMER and VAN DEN Hewvez (1938) on the fish oil acids is a fine example 
of its effective use in this respect, at a time when other methods of distillation 
were not practicable. 

In recent years a number of fractionating molecular stills have been described 
(WoLLNER, Matcuett, and Levrxe, 1944; Brewer and Maporsky, 1947; 
Maporsky, Brapt, and Straus, 1948; Booy, 1952). These stills consist of an 
inclined heated section and a colateral condenser and fractionation is by 
multiple redistillation between the two. Condensate from one stage flows by 
gravity to become the charge of the next higher stage and so on upwards, while 
unevaporated residues flow downwards. A vertical still (TayLor, 1951), already 
discussed, operates on the same principle, the movement of the condensate 
upwards being induced by the revolution of the condenser. While stills of the 


above types must necessarily involve a considerable time of contact of the 
material with the heated zone, they nevertheless offer the possibility of fraction- 
ating at considerably lower temperatures, fatty acid esters and other lipid 
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constituents which, because of their molecular weight or instability, cannot 
be fractionated at higher pressures. 


4. Vapour pressure-temperature data 

Vapour pressure-temperature measurements on purified methyl esters have 
been mainly confined to the esters of the straight chain acids of even carbon 
number. The earlier work has been summarized by Markey (1947). Since 
then Bonuorst, ALTHOUSE, and TRIEBOLD (1948) have measured the vapour 
pressures of the methyl, propyl, and isopropyl esters of the acids C, to C,, over 
a pressure range 2 to 100 mm or as much of this range as the stability of the 
esters permit. They used a method modified from that of NaTetson and 
ZUCKERMAN (1945). Only two drops of ester were required for a measurement. 
Scott, Macmituan, and Mervin (1952) have reported data for the methyl 
esters of the acids C, to C,, over the range 0-1 to 6-0 mm obtained with a pot 
tensimeter similar to that of Hickman, HeckKER, and Empree (1937). They 
did not make measurements above 200°C, accepting the statement of Bon- 
HORST, ALTHOUSE, and TRIEBOLD that decomposition occurred above this tem- 
perature. The purity of their esters was checked by careful determination of 
freezing point curves. StaGe (1953) has examined previous vapour pressure 
data of the whole series of fatty acid methy] esters C, to C,, over a wide pressure 
range. He has applied to this assembled data a graphical method of correction 
and estimation, in which the data for any one ester is considered in relation to 
that of the data of the whole homologous series (Stace, 1951). The latter have 
been plotted in several ways and the relationships between the families of 
curves so obtained have been used to select or correct the existing data of any 


Table 1. Boiling points of methyl esters of fatty acids 
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A. STAGE (1953). 
B. ScoTT, MACMILLAN, and MELVIN (1952). 
C. BONHORST, ALTHOUSE, and TRIEBOLD (1948). 
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“ 
Cy || Cy, Cy, Ci. | Cys 
10mm... | 37-5 | 66-0 92:3 | 1148 | 137-0 | 158-0 A 
379 66-0 920 | 1145 137-3 158-2 B 
| | 
20mm... 48-0 770 ™ 103-7 | 1270 | 148-9 171-4 A 
48-2 | 77:0 | 103-5 126-7 | 1500 | 171-2 B . 
51-5 78-7 102-8 127-1 | 148-5 | 169-4 C 
| 
40mm . ; 7 59-5 89-3 115-9 | 140-0 | 162-9 185-3 A 
59:5 89-1 116-1 | 140-2 | 163-7 185-4 B 
| 62-5 90-8 116-0 | 141-3 | 163-2 | 184-6 C 
= 60mm . , -| 66-6 96-2 121-6 | 1488 | 172-0 194-3 A 
| 3 66-4 96-6 124-1 | 1488 | 172-3 | 194-3 B 
; 68-9 98-1 124-4 | 150-3 1726 | 1936 C 
10-0 mm . .| 76-0 134-0 | 160-3 183-8 | 206-0 A 
77-8 135-0 | 161-3 | 184-8 | 206-6 C 
F | 
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particular member. New data has been obtained by extrapolation or inter- 
polation. It is noticeable that his “ironed out” results for tne higher esters 
closely follow the values of Scorr, Macmmuan, and Metvry (1952). Table 1 
reproduces the results of these investigations for methyl esters C, to C,, over a 
pressure range of 1 to 10mm. Fragmentary vapour pressure data which are 
not included in this table have been published by Nevriy, AtTuouse, and 
TRIEBOLD (1951) and Monick, ALLAN, and Maruies (1946). 

Accurate determinations of vapour pressure of methyl esters of acids of 
chain length greater than i8 carbons have never been published, although their 
boiling points under various low pressures have been observed by several 
investigators in the examination of natural sources of these acids. Table 2 is 
compiled with slignt corrections for pressure from the data of We:rxamp (1945) 
and Murray and ScHOENFELD (1953, and unpublished data). 


Table 2. Boiling points of methyl esters of long-chain fatty acids 


| Cu | 


Scott, MacMILLan, and MELVIN (1952) have obtained data for methyl oleate, 
linoleate and linolenate, prepared from the bromides. The results for the range 
1 to 6 mm pressure are given jn Table 3, and because of inconsistencies between 
the earlier data for methyl oleate and linoleate (ALTHOUSE and TRIEBOLD, 1944; 
Norris and Terry, 1945) these are included for comparison. It is seen that 
the recent data for oleate and linoleate agree more closely with the data of 
ALTHOUSE and TRrIEBOLD but thai the oleate boils higher, not lower than the 
linoleate. This reversed order and the close boiling points now explains the 


Table 3. Boiling points of unsaturated esters 


Methyl oleate Methyl linolenate 


| Methyl linoleate 


| 


166-58 
166-2» 


181-7 
182-0> 


| 
| 
| 
| 
| 
| 
| 
| 


190-8 
192-0» 


® Norris and TERRY (1945). 
> ALTHOUSE and TRIZBOLD (1944). 


| 20 Cos Cc Cys | Cy, 
ts 10mm . | 176 | 194 | 211 226 241 255 
ee 20mm . | 189 | 206 | 223 238 | 253 
1-0 mm : .| 154-4 154-0 155-0 f 
152-5% 149-5 
2-0 mm 167-1 168-0 
166-5” 
| i 
4-0 mm of 181-3 182-2 
182-4 
| | | 
6-0 mm .| 190-2 191-1 
| | 193-0» 
| en 
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observation of Norris and Terry that only a slightly greater concentration of 
linoleate was obtained in earlier fractions when a linoleate-oleate mixture was 
fractionated in an efficient column. 

With the isolation of many branched acids in recent years, the relation 
between branching and boiling point is of ccnsiderable interest. WrrtTKAMP 
(1945) found that the esters of the iso acids (C,, to C,,) boiled 3 to 4°C lower 
than the corresponding normal esters, at 1-95 mm pressure. Cason et al. (1951) 
have stated that in comparison with the boiling point of the normal isomer at 
3-75 mm pressure, (a) a single methyl branch causes a lowering of approxi- 
mately 5°C, (6) a n-hexyl branch 7°C, (c) three methyl branches have double 
the effect of one, and (d) a quaternary carbon (a or y) causes a depression of 
as much as 22 to 23°C. These observations broadly follow the known effects 
of branching in the lower alcohols and hydrocarbons. Much precise information 
is given by the data of Rossryi et al. (1947) for the vapour pressures of the 
paraffin hydrocarbons up to and including Cy. For methyl branching two 
effects are general, (a) a branch in the 3-position lowers the boiling point of 
n-nonane approximately 1° less than those in the 2- or 4-positions, (6) the effect 
of two or three methyl branches varies considerably according to their position. 


5. Thermal stability of fatty acid esters 


Although a knowledge of the thermal stability of various classes of fatty acid 
esters is of prime importance in fractional distillation, there is very little exact 
information on this point. 

In the course of vapour pressure-temperature measurements on fatty acid 
methyl esters Bonnorst, ALTHOUSE, and TrIEBoLD (1948) found no visible 
signs of decomposition even at temperatures above 250°C, but erratic vapour 
pressure readings above approximately 205°C led them to the conclusion that 
this was due to decomposition. It must be pointed out, however, that, owing 
to the presence of air in the apparatus, the nature and trend of these results 
might well be explained by oxidation of the ester sample, and indeed oxidation 
of the hydrocarbon chain might be expected at these temperatures in view of 
the relative ease with which higher hydrocarbons are oxidized by gaseous 
oxygen at even lower temperatures (see below). Furtnermore, the pronounced 
drop in vapour pressure over a period of time (90 min) observed by these 
authors in the temperature range 208 to 240°C suggests extensive decomposition 
which is not borne out by the published details of many ester fractionations, in 
which pot temperatures have exceeded 250°C without extensive decomposition 
being reported. Harr (1948) has stated that methyl esters of saturated acids 
begin to break down rapidly at 300°C. 

The decomposition temperatures observed by ALTHOUSE and TRIEBOLD 4 
(1944) for methyl oleate (217°C at 16mm) and methyl linoleate (208°C at 
11 mm) may also be subject to doubt as air was apparently not excluded from 
the apparatus. An indication that monoethenoid methyl esters may have a 
stability much greater than shown by this figure for methyl oleate may be 
gathered from the work of Younes et al. (1951) who, in a precise fractionation 
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of the esters of rape-seed vil acids, recorded heac temperatures as high at 250°C 
(methyl erucate) and reported only minor decomposition (0-5 per cent) which 
they attributed to diene and triene esters. 

With increasing unsaturation thermally induced polymerization becomes of 
increasing importance which is demonstrated by many investigations on the 
highly unsaturated fish oil acids. Norris ef al. (1943) studied the effect of heat 
on the methyl esters of the cod liver oil acids. Spectroscopic data showed that 
at 150°C conjugation and polymerization was very slow or neglizible, while at 
200°C it was slow but appreciable. Hr_pircu (1947) concluded from the results 
of FaRMER and Van DEN HEUVEL (1938) that fish oil methyl esters could not 
be heated above 200°C without change. The divergence of opinion regarding 
the extent of conjugation and polymerization during fractional distillation of 
the more unsaturated esters is due no doubt to the degree of severity of the 
conditions used. Thus it may be calculated from the rate of distillation used 
by FaRMER and Van DEN HEUVEL (1938), who abandoned orthcdox fractional 
distillation for molecuiar distillation, that their distillation time of the esters of 
the acids of sardine oil extended to approximately 20 days! Norris ef al. (1941), 
who obtained less conjugation of cod liver oil methyl esters, used a Longenecker 
column with a distillation time of only Shr. It needs emphasizing that with 
the development in recent years of efficient columns with small pressure drop, 
the idea that such esters cannot be successfully distilled is no longer valid. A 
spinning band column of the dimensions of that of Brrcu, Gripp, and NaTHaN 
(1947) can easily work efficiently within the safe temperature limits which the 
work of Norris ef al. (1943) has shown to be desirable. 

Oxidation has already been suggested as contributing to the breakdown of 
esters at moderate temperatures, and support for this is obtained: from in- 
vestigations of the oxidation of pure hydrocarbcns by gaseous oxygen. From 
results obtained at 110°C Larsen, THorrer, and ARMFIFLD (1942) concluded 
(a) that for saturated hydrocarbons the process is autocatalytic and (b) the 
presence of a double bond greatly reduces stability and seemed to be the first 
point of attack. Benton and Wirt (1953) autoxidized n-decane at 145°C 
under conditions that 80 per cent of the oxidized product retained the Cy, 
skeleton. They reported that oxidative attack was roughly distributed equally 
over the eight secondary carbon atoms. Another factor which may contribute 
to the instability especially of unsaturated esters during distillation, is the 
presence of traces of catalysts which promote conjugation and polymerization. 
These might take the form of acids resulting from oxidation or traces of metallic 
soaps (e.g. Cu or Ni) arising from the attack at high temperatures of fatty acids 


on metailic parts of the column (Murray, 1951). 


IV. Retation oF Fractionan DISTILLATION TO OTHER 
SEPARATION TECHNIQUES 


It is quite common that the mixture to be resolved is too complex for effective 
separation by fractional distillation alone. A mixture may contain several 
homologous series of acids, saturated, unsaturated or branched, and small 
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differences in boiling point of methyl esters of the same chain length makes 
separation by fractional distillation difficult or impossible. Fractional dis- 
tillation effectively separates according to chain !ength or rather carbon family, 
and for mixtures containing mere then one series of acids, is best used for this 
purpose in combination with another technique which separates according to 
type. The series may be broadly separated before distillation or the distilled 
fractions, collected according to chain length may be subsequently treated. 
The former procedure involves fewer operations but to make distillation the 
first step may be advisable or necessary when a wide range of chain lengths are 
present in the mixture or, again, when it is desired to deal with large quantities. 

Separation methods based on solubility differences are widely used to separate 
saturated from unsaturated acids before fractional distillation of the methyl 
esters. The low temperature crystallization methods developed by Brown and 
co-workers (Brows and ForREMAN, 1944) have become well known as routine 
procedures, and have largely displaced the older method based on the solubility 
of the lead salts. The reader is referred to the chapter on this subject by Brown 
and Kors in this volume. The lead salt-ether method was used by ANDERSON 
and co-workers (see ANDERSON, 1939) for the separation of saturated straight 
chain and branched acids occurring in the tubercle bacillus, but a reinvestigation 
of the method by Cason and SumMRELL (1951) for the same purpose has shown 
that it is not applicable to branched acids generally. SHoRLAND and co-workers 
(loc. cit.) have used low temperature crystallization methods in conjunction 
with fractional distillation and chromatography for the isolation of branched- 
chain fatty acids from various fats. In general, separations based on solubility 
are not very effective for the broad separation of series of acids when a number 
of chain lengths are present. 

Chromatographie methods of separation recently reviewed by Horman (1952 
have a wide application to the separation of fatty materials according to type, 


and are capable in specific cases of high resolving power. The method most 


conveniently used in conjunction with fractional disillation is that of elution 
chromatography usually on columns of silica gel or alumina. Elution of com- 
pounds differing considerably in adsorptive properties may be made by a 
succession of solvents of increasing power of elution (the “eluotropic series” of 
Trappe, 1940). Displacement and carrier displacement chromatography offer 
great possibilities for the efficient separation of acids according to type. 
CLaEssON (1946) reported that separation of groups of normal saturated, un- 
saturated, and branched chain acids could be effected on specially prepared 
silica gel by displacement chromatography, while Hotman (1952) cites many 
examples of the separation of various types of acids of the same chain length 
by displacement and carrier displacement methods on carbon. Several recent 
investigations have used chromatography followed by fractional distillation to 
achieve difficult separations. Horn and Houcen (1953) separated a group of 
1:2 diols from the main bulk of a wool wax non-saponifiable fraction by 
chromatography and then separated them bv the fractional distillation of their 
acetates. Murray and ScHOENFELD (1953) used elution chromatography to 
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separate methyl esters of normal acids from those of hydroxy acids, ard 
resolved the former series by amplified distillation. Almost pure samples of 
the methyl esters of arachidonic, eicosapentaenoic and doscosapentaenoie acids 
have been isolated from beef adrenal lipids by the combination of chroma- 
tography and fractional distillation (HERB, RIEMENSCHNEIDER, and DonaLp- 
son, 1951; Hers, WiTNAUER, and RtEMENSCHNEIDER, 1951). 

The discovery by BENcEN (1940, 1951) of the formation of crystalline 
complexes of urea and linear molecules has made possible the separation of 
molecules according to their shape, or more strictly by their departure from 
linearity. This method of separation has been reviewed by Kose and Domask 
(1952), TRUTER (1953) and by ScHLENK in a chapter in Volume 2 of this series. 
Since it separates according to shape it seems well adapted for combined nse 
with fractional distillation which fractionates according to molecular size. 
ScHLENK and Hotman (1950) have shown that saturated and unsaturated 
acids and their methyl esters can be separated by preferential complex forma- 
tion of the more linear saturated components, and by this means, followed by 
fractional distillation, easily prepared a methyl] oleate of high purity. Von 
Rup orF (1951) was able to separate the aliphatic alcohols of wool wax cleanly 
from the predominating eyclic alcohols (cholesterol and triterpene alcohols) and 
submitted them to fractional distillation. Monomethyl branched acids and 
alcohols, such as the iso- and ante-iso-compounds, form urea adducts, but when 
esterified with a branched group so that the molecule is branched at both ends 
they fail to do so. This is the basis of a method of separation of monomethylated 
acids and monomethylated alcohols from straight chain and other compounds 
which has been described by Werrkamp and Bowman (1952a (acids); 1952b 
(alcohols) ). It has proved of value for the separation of the normal and 
branched alcohols of wool wax (Murray and ScHOENFELD, unpublished work). 

AuRENS and Craic (1952) have investigated the separation of the higher 
fatty acids by the method of countercurrent solvent—soivent distribution 
using a 220 cell machine described by Crate et al. (1951). Separation of the 
four saturated acids C,, to C,, was easily accomplished as was also that of the 
unsaturated acids: oleic, linoleic and linolenic. However, when the resolution 
was attempted of mixtures of several series differing in degree of unsaturation, 
overlapping occurred. These workers proposed a combination of countercurrent 
liquid-liquid extraction with fractional distillation for the resolution of such 
mixtures. However, a more complete, if not total resolution, could be achieved 
by fractionation into material of equal chain length by amplified distillation, 
followed by the complete separation of saturated, mono-, di- and tri-unsaturated 
acids according to their method. Durron has reviewed the application of 
countercurrent distribution to lipid separations in a chapter in Volume 2 of 
this series. 


V. Conclusions 
It has been stated in a recent review (DevEL and Atrrn-StaTer, 1952) that 
“newer methods for the separation of fatty acids are constantly being developed 


269 


Low Pressure Fractional Distillation . 


and are to a great extent replacing the technique of fractional distillation of 
the methyl esters.” It is considered that this statement does not do justice to 
the true position. The desire for methods to replace fractional distillation for 
this purpose has probably been due in the first place to the need, especially for 
workers in biological fields, to work on as small a scale as possible. This has 
led to the development of several chromatographic procedures for the separation 
of fatty acids on a milligramme scale. Special mention must be made of the 
elegant gas-liquid partition method of James and MartTIn (1952) which shows 
an extraordinary high resolution of homologous fatty acids. However, chroma- 
tographic methods are still rather empirical and, as pointed out by Ho_man 
(1952) are at present research tools rather than routine methods. No doubt 
they will have many applications to fat analysis, but it is not at all obvious that 
they will replace ester distillation when sufficient material is available. 

Any attempt at an assessment of fractional distillation in relation to the 
newer methods of separation must take into account a number of factors. 
(i) Fractional distillation is dependent only on the properties of the molecules 
being separated, namely, their vapour pressures. If differences exist then 
separation is theoretically possible. Because of its fundamental nature its 
application is universal and reproducible. (ii) The progress of simple fractional 
distillation can be followed by boiling point, which also provides a means of 
identification. (iii) A wide range of chain lengths up to C,, can be fractionated 
with only changes in operating pressure. (iv) The use of amplified distillation 
permits charge of esters as small as 1 gm or less and enables almost complete 
separation of chain lengths differing by two carbons. (v) It is operated on a 
scale convenient for preparative work and for the identification of isolated 
substances by the classical methods. 

Fractional distillation at low pressure as applied to the separation of fatty 
acids and related compounds in recent years has greatly increased in its 
resolving power and has been successfully used with increasingly smaller 
samples. Apparatus has been developed which has allowed it to be used with 
materials of progressively greater molecular weight, and the limits have still 
not been reached. Many separations hitherto difficult or impossible may now 
be easily achieved by its combined use with other separation techniques. 
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FORMATION OF ANIMAL FATS 
F. B. Shorland* 


I. INTRODUCTION 


Fats, as isolated from animal tissues, contain a complex mixture of fatty 
substances or lipids. In adipose tissues, true fats or triglycerides form perhaps 
not less than 99 per cent of the lipids present. On the other hand, in certain 
other tissues, such as liver or muscle, the proportions of phospholipids may 
exceed those of the triglycerides, and in addition, the extracted lipids contain 
substantial proportions of unsaponifiable constituents, particularly cholesterol. 
Within a given species the proportions of triglycerides vary considerably, being 
affected, for example, by the plane of nutrition, while the proportions of chol- 
esterol and of phospholipids remain more or less constant. To distinguish 
between these two groups of lipids, Terrotve™ has suggested the terms 
“Vélément variable” and “l’élément constant.” In this review it is proposed to 
limit the discussion to consideration of triglycerides and to refer to phospho- 
lipids merely to elucidate problems connected with triglycerides. 

The amount of fat formed in the body seems to depend more on the caloric 
intake than on the nature of the dietary constituents. Well fattened animals 
may be produced from diets consisting almost entirely of proteins or of carbo- 
hydrates, or the diet may contain as much as 50 per cent fat. While fat torma- 
tion in animals may occur endogenously without dietary fat except for traces 
of essential fatty acids, such as linoleic acid, nevertheless, from what follows, 
it will be apparent that the dietary fat when present often has a profound effect 
or. the composition of the depot fat. 

Animal tissues differ widely in fat content. Whereas in adipose tissues, such 
as the perenephric fat of pigs, the percentage fat may rise to 95 per cent,‘® in 
muscle tissuesof certain fish such as the New Zealand ling (Genypterus blacodes) 
or in the longissimus dorsi muscle of the rabbit™ the level of fat (triglyceride) 
may fall to a fraction of 1 per cent. For unknown reasons the location of the 
fat deposits in the body varies considerably in different animals. In wild rabbits 
and horses there may be almost negligible quantities of fat in the abdominal 
cavity and not more than traces of subcutaneous fat. In pigs, sheep and oxen, 
on the other hand, there are usually extensive deposits in the abdominal cavity 
as well as layers of subcutaneous fat amounting in some instances te several 


inches in thickness. The subcutaneous fat of marine mammals, particularly 
whales, is usually even thicker, and in addition, in the sperm whale, there is a 
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liquid wax deposition in the cavities of the head. In some fish such as South 
African jacopever (Sebastichthys capensis)» or the New Zealand groper (Poly- 
prion oxrygeneios)® the fat is diffuse, but in other fish such as the North Sea 
haddock (Gadus aeglefinus) or the New Zealand ling (Genyplerus blacodes)* 
the fat is concentrated almost entirely in the liver. 

Hammonp"®) has shown that as the animal grows there is a definite order in 
which the organs and different tissues develop. At first bone is the fastest 
growing tissue, then muscle overtakes the bone, and lastly fat develops. Normal 
age changes can, however, be considerably affected by the plane of nutrition. 
A high plane of nutrition hastens the normal age changes while a low plane of 
nutrition and slow growth delay them. At birth, farm animals have little or 
no visible fat; further growth involves changing a carcase that is almost devoid 
of fat into one that may contain four or five times as much fat as protein. 
Humans, however, differ from most other species in that the new born typically 
contains 16 per cent fat, and this amount is normally not exceeded in the adult. 

In fish it has been found that following spawning the fat reserves of the liver 
may be depleted while vitamin A, cholesteroi and phospholipids remain more 
or less unaffected (cf. SHorLaNpD). Preceding migration the fat reserves of 
fresh-water eels hitherto concentrated in the tail have been shown to move 
forward into the trunk, head and ovaries to provide a more uniform distri- 
bution.” Many investigators have confirmed the observation made by 
NAUMANN as early as 1822"" that the beginning of the spring migration of 
birds is associated with a rich deposition of fat, but the data obtained have 


generally been of a semi-quantitative nature. Opum and Perkinson," how- 
ever, from an exact study of the seasonal variations in the subcutaneous, peri- 
toneal and total body fat of white-throated sparrows, concluded that an indi- 
vidual bird would migrate only when fat deposition was completed. Changes 
in fat metabolism are also associated with egg laying. Fiock et al.“® found in 
geese during the egg laying season a marked increase in blood lipids and a 


spontaneous development of fatty livers. 

It has become increasingly clear that adipose tissue is a tissue with a special 
structure and with a special type of cell which has other functions besides 
those of fat storage. Fat cells are controlled by the nervous system and supplied 
with blood capillaries. They contain enzyme systems which are capable of 
desaturating higher fatty acids and which convert into fat the glycogen that 
occasionally accumulates.“ The concept of the adipose tissue as a more or 
less static reserve of energy is no longer supported but has given way to the 
concept of a dynamic state introduced by SCHOENHEIMER”” arising from his 
studies with labelled fats. 

It is intended here to trace the changes that take place in the dietary fat 
during the intraluminar phase of its intestinal absorption and its passage 
through the intestinal wall into the fatty depots. Consideration will then be 
given to the endogenous fat ard its mechanism of synthesis and the inter- 
conversions that take place between various fatty acids. The complex question 
of glyceride structure cannot be dealt with in detail in this article, but the 
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factors which are responsible for the production of depot fats of a given fatty 
acid composition will be discussed. 


IL. -Exocenovus Fat 


The dietary fat in its passage through the alimentary tract is usually mostly 
absorbed. It is generally agreed that this absorption occurs in the epithelial 
cells (villi) of the small intestine, and that most of the fat so absorbed passes 
via the lymph into the systemic blood. The exact mechanism of fat absorption 
is still somewhat uncertain, but owing to the development of techniques using 
isotopically labelled fats, and to improved methods for collecting lymph, many 
obscurities are gradually being clarified. 

The reader is referred to the chapter by BERGsTROM and BorcstrOmM in this 
volume, in which this subject is treated. 


A. Digestibitity of fats 
Experiments with dogs," humans,7), (8), 09%, 20) pats,(21), (22), 23) guinea 
pigs,"*) and farm animals‘*") show that provided the dietary fat melts below 
body temperature it is usually absorbed to the extent of at least 90 per cent. 
This high level of absorption can be maintained even when the diet is rich in 
fat. Thus, Cook and Tuompson‘®”) reported 92 per cent absorption for rats fed 
a diet containing 16-6 per cent fat. High melting point fats, however, are 
poorly absorbed. For example, ARNsuinkK"® found a digestibility coefficient of 
only 11-4 per cent for tristearin (m.p. 60°C) fed to dogs. According to MaTTiL 
and Hicerxs‘2*) the digestibility of fat containing stearic acid is poor and not 


closely related to the melting point, but is affected by the glyceride structure. 
A mixture containing two parts of tristearin and one part of triolein, for 
example, showed a digestibility coefficient of only 39-4 per cent as compared 
with 57 per cent for distearomonoolein. HoacLanp and SyipEr"® were also 
unable to find a consistent relationship betwen melting point and digestibility 
or to correlate digestibility with percentage of saturated acid or of linoleic acid. 
Bernuarp'? found that ethyl behenate (m.p. 50-51°) in a normal diet was 
absorbed by rats to the extent of 35-37 per cent and that admixture with olive 
oil did not appreciably increase the digestibility. 

Apart from melting point considerations the absorption of fats may be 
affected by their chemical constitution. Thus rape seed oil showed a digesti- 
bility coefficient of 77-82 per cent,'* probably on account of its high content 
of erucic acid.” Differences in digestibility coefficient of fats may be found 
among different animals. For example, castor oil which contains about 90 per 
cent ricinoleic acid is poorly absorbed by humans unless administered with a 
carrier glyceride such as olive oil,‘*” but is well utilized by sheep, guinea pigs 
and rabbits.” Experiments with guinea pigs in which 6 per cent oleic acid or 
its trans isomer elaidic acid were included in the diet showed digestibility co- 
efficients of 92-97 per cent and 44-69 per cent respectively. On the other hand, 
rats utilized both of these acids with equal facility.°® 
There appears to be little definite information as to the fate of fats fed to 
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ruminants. The products of digestion of carbohydrates and proteins arising 
from bacterial fermentation in the rumen are lower fatty acids, particularly 
acetic acid; there are indications that fats may also be broken down in the 
rumen as certain bacteria at least have been shown to oxidize fatty acids. 
Moreover, fats of pasture-fed ruminants are almost entirely devoid of linolenic 
acid, the main constituent of grass and clover lipids.) Reiser, however, 
considers that the relative absence of linolenic acid in the depot fats of pasture- 
fed ruminants might be explained by the fact that bacteria in the rumen 
hydrogenate linolenic acid. 

Thus it becomes clear from the differences in digestibility coefficients of 
different fatty acids that the composition of the dietary fat is modified during 
the process of absorption by the selective rejection of certain fatty acids. In 
ruminants it appears that this modification is even more extensive due to 
metabolism and, perhaps, hydrogenation of the ingested fat, so that the com- 
ponents presented for absorption bear little or no resemblance to those in the 
dietary fat. 


B. Fat absorption 


(1) Intraluminar phase. In the upper part of the small intestine the pH of 
the intestinal contents is normally about 6-5, which is somewhat below the 
optimum value for pancreatic lipolysis. Nevertheless, it is found that some 
hydrolysis of the triglycerides does occur and that mono-, di- and triglycerides 
as well as free fatty acids are present.“ >), 6% According to Mattson 
et al.8 the hydrolysis of the triglycerides is selective, the monoglycerides being 
present in the # form, while the diglycerides have the «f configuration. 
DESNUELLE and Constantin“) found that the relative proportions of the 
prodects of the hydrolysis of triglycerides during the digestion were markedly 
affected by the presence of Ca +-} and bile salts. The rate and extent of the 
hydrolysis of ingested triglycerides also depends on their composition. Glycer- 
ides of long chain fatty acids, such as those typically present in natural fats, 
sre slowly and incompletely hydrolyzed whiie glycerides of short chain fatty 
acids such as tributyrin, undergo rapid and complete hydrolysis. 

Borcstrom™) found that the hydrolysis of fats by pancreatic lipase was 
reversible. For example, 1-“C stearic acid dissolved in corn oil and adminis- 
tered to rats yielded in the intestinal lumen glycerides with 16-9-51-5 per cent 
of the radioactivity of the fed mixture. The free fatty acids recombined in the 
intestinal lumen with mono- and diglycerides but not with free glycerol. 

(2) Intracellular phase. According to Frazer et al." the fat in the upper 
part of the small intestine is present as negatively charged particles of less than 
0-54 diameter. Under the acid conditions (»H 6-5) in this part of the alimentary 
tract they found that the only possible combination which would yield a stable 
emulsion is free fatty acid/bile salt/monoglyceride. BERNHARD ef al.,“*) how- 
ever, found that D labelled fat fed to dogs in which bile was absent was still 
absorbed to the extent of 50-S0 per cent, in place of the normal 95 per cent or 
more absorption. SEARLE and AnNEGERS™» showed that in the absence of bile 
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the addition of an emulsifier did not restore the efficiency of fat absorption. It 
is thus seen that while bile is not completely necessary for fat absorp‘ion it has 
some significance in this connection other than its emulsifying properties. 

The mechanism whereby the fat passes through the intestinal wall has been 
the subject of considerable discussion. Some fifteen years ago it was commonly 
accepted in accordance with the Pfliger-Verzar Hypothesis that complete 
hydrolysis of fats was an essential prerequisite for fat absorption.“ This view 
can no longer be sustained in the light of the evidence already discussed pointing 
to the nearly quantitative absorption of fats under conditions of incomplete 
hydrolysis. In more recent years Frazer’s Partition Theory has attracted con- 
siderable attention. As originally postulated,‘ the triglycerides are only par- 
tially hydrolyzed in the intestinal lumen. Owing to the hydrotropic action of 
the bile salts the free fatty acids thus liberated are absorbed into the blood 
capillaries of the intestine along with other water soluble substances, and pass 
to the liver via the portal vein. On the other hand, the glycerides are absorbed 
in particulate form and pass via the lymphatic system to the systemic circula- 
tion to be deposited in the fatty depcts. The feasibility of such particulate 
absorption has been demonstrated by Baker“ 47? who has shown that 
during active fat absorption the fine canals which pierce the outer border of 
the intestinal cells are filled with stainable material. The evidence for the 
Partition Hypothesis was based mainly on chylomicron (glyceride particle) 
counts in the systemic and portal blood and on histological observations after 
feeding olive oil or oleic acid.“®) Further chylomicrograph studies by TipwELL“” 
did not confirm the earlier results of Frazer, but showed that free fatty acids 
followed the same lymphatic route as did the triglycerides. The reliability of 
the chylomicron and of the histological techniques has been questioned by 
Reiser and Bryson.) More recently Bioom ef al.@Y showed that the 
absorbed palmitic-1-"C acid could be recovered to the extent of 92 per cent 
in the lymph, while other workers‘), ), 69 obtained similar results for 
pentadecanoic, stearic and palmitic acids. In some cases these results have 
been interpreted as being contrary to the Partition Hypothesis but Frazer 
considers this to be erroneous as the acids had beerr fed in a glyceride vehicle. 
This objection, however, cannot be sustained, as experiments ®, (7), using 
free fatty acids without carrier glycerides suggest that as for the corresponding 
glycerides the main pathway is via the lymph, the main point of difference 
being the slower absorption of the free-fatty acids as compared with the 
glycerides.‘**’, (57), Further, the presence of carrier glycerides has been shown 
to increase the rate of absorption of methyl oleate which by itself failed to 
emulsify in the small intestine.@®) The Partition Hypothesis was based origi- 
nally on the partition of the fatty substances between the portal and lymphatic 
route, according to whether they existed as fatty acids or as neutral glycer- 
ides. Gradually, however, there has emerged a differentiation based on the 
physical properties, such as water solubility or otherwise of the forms of fat 
presented for absorption.), 5), 0 Jn this way the Partition Hypothesis 
explains the increasing tendency for fatty acids to follow the portal pathway 
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with decreasing chain length. Thus BLoom ef al.‘* found that on feeding 1-“C 
labelled fatty acid to rats the following percentages of labelled carbon based on 
the amount of acid absorbed were recoverable from the lymph:-stearic acid 
84-85 per cent, myristic acid 59-82 per cent, lauric acid 15-55 per cent and 
decanoic acid 7-19 per cent. Further evidence that decanoic acid passes into 
the blood capillaries was obtained by Kryasvu ef al.‘®) who found that after 
feeding decanoic-1C acid there was greater activity in the fatty acids of the 
plasma of the portal vein than in the plasma of the inferior vena cava. These 
results do not preclude the possibility that decanoic acid is first broken down 
to acetate in the intestinal cell and ther transmitted as a glyceride of a higher 
fatty acid. It is well known that lower fatty acids are not found in 
more than trace amounts in the depot fat even when present in substantial 
amounts in the diet. However, there is no definite evidence that the higher fatty 
acids are modified during absorption. Ingested labelled -1C pentadecanoic, 
palmitic and stearic acids have been recovered almost quantitatively 
from the lymph) while D labelled palmitic and stearic acids fed to rats, as 
such, or as glycerides, showed no evidence of desaturation in the intestinal 
lumen or in the intestinal cells,‘®), (¢# 

Since the classical experiment of Munk and Rosenstein“ in which ingested 
erucic acid appeared in the lymph as trierucin, it has been apparent that free 
fatty acids are transformed in the intestinal cell into triglycerides. It is also 
clear that the fatty acids present in forms other than triglycerides, such as, for 
example, ethyl esters,‘®), (67), (68) amyl or and mannite esters‘® when 
fed are not found in the lymph as esters, but as triglycerides. These results 
seem to indicate the extraordinary ability of the organism to modify fatty 
substances so that the fatty acids in lymph are present mainly as triglycerides. 
The ability of lipid fractions to interchange their fatty acid radicals has been 
further demonstrated by Borcstrdm. Rats were fed three different fat 
mixtures: (A) corn oil interesterified with “C stearic acid and mixed with 
cholesterol, (B) “C stearic acid dissolved in corn oil and mixed with cholesterol, 
and (C) corn oil with cholesterol ester of “C stearic acid. The results of the 


ation are summarized in Table 1. 
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Table 1. Interesterification of 1-“C stearic acid during intestinal absorption 
(Adapted from Borcstrom™?) 


0, total lymph fatty acids present as 
State of administered 
1-"*C stearic acid 


Glyceride Phospholipid 


| 

| 

| Cholestero! ester 
— | = 


9-82 + 0-82 
(9-24 + 0-91) 


2-30 + 0-27 87-8 + 0-7 


A. As glyceride 
(2-32 + 0-42)* | (88-4 + 1-10) 


B. As free acid 2-18 + | + 9-6 10-8 +- 0-55 
(2:33 + 0-33) | (84-7 + 0-89) (12-0 + 0-66) 

C. As cholesterol ester 2 .| 2-46 + 0-46 86-0 + 0-5 11-5 + 0-85 
| (2-86 + 0-92) (82-7 + 2-00) (14-3 + 2-17) 


* Figures in brackets indicate per cent activity of total fatty acids present. 
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Though there are significant differences between the activities of fatty acids 
in ihe glycerides and phospholipids (see Table 1) these are smali, and the results 
indicate that interesterification is almost complete during the passage of the 
lipid mixture from the intestinal lumen to the lymph. As BorcstrOm has 
already shown that there is a partial interchange in the lumen,‘” further 
interchange would seem to occur in the intestinal cell. 

Various workers have sought to elucidate the changes occurring during 
absorption by feeding labelled fats and analyzing the lymph lipids. REIsER 
et al., for example, fed synthetic glycerides in which glycerol was labelled 
with “C and fatty acids with conjugated bonds. From analysis of the lymph 
they concluded that 25-45 per cent of the glycerides were completely hydro- 
lyzed during absorption while the remainder was hydrolyzed to monoglycerides. 
Similar results have been obtained by Bercstr6m ef al.) by BERNHARD 
et al. and by Favarcer and Cotter.” The value of these techniques to 
measure the changes that occur during passage through the intestinal wall is 
restricted by the observation of Borcstr6m,“” mentioned above, that some 
ester interchange occurs already in the intestinal lumen. There is, however, 
general support for the view that free glycerol arising from hydrolysis 
of ingested fat or glycerol if fed‘ does not participate in the resynthesis of 
lymph glycerides but follows an independent pathway. According to REISER 
et al. half of the lymph phospholipids is formed from endogenous 
glycerol and ingested free fatty acids, and the remainder from ingested 
glycerides. 

General consideration of the results of various investigators thus indicates 
that the glyceride structure of the dictary fat is unlikely to remain intact during 
the intraluminar and intracellular phases of fat abserption. GarTon and 
Duncan‘) have shown, however, that when pigs are fed a diet containing 
unusually high proportions (50 per cent by weight) of fat as equal parts of lard 
and cod liver oil, the triglycerides are absorbed and deposited without apparent 
change of structure. With regard to the fatly acids normally present in natural 
fats it appears that they remain unchanged during transference from the 
intestine to the lymph. The main aspect of fat abserption, apart from the 
question of the low digestibility coefficient of certain acids, is the interchange 
of fatty acid radicals. In whatever form a given mixture of fatty acids is 
present in the intestine, the fatty acids in the lymph will be distributed 
according to approximately the same pattern between the glycerides, phos- 
pholipids and cholesterol esters of the lymph. 


C. Some factors affecting intestinal absorption 


During fat absorption it has been observed that the fatty acids”). (70, (7) 
and the phosphorus‘? ‘77) of the phospholipids of the intestinal mucosa 
undergo constant change. Although Sixciatr™ has postulated that phospho- 
lipids of the intestinal mucosa are intermediates in the synthesis of glycerides, 
other workers have considered that the rate of turaover of the phospholipids 
is insufficient for these substances to play a major role in this cornection. The 
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recent work of BercstROo ef al.,‘7) however, shows that whereas 1-™C stearic 
acid was rapidly and extensively incorporated into the intestinal phospho- 
lipids, 1-'*C myristic and palmitic acids were incorporated to a much lesser 
extent. Thus, the extent of the incorporation of ingested fatty acids into the 
intestinal mucosa phospholipids is dependent on their composition. The exact 
role of phospholipids in the resynthesis of glycerides is still not clear, but it 
would appear that the intermediate phospholipid formation in the synthesis of 
glycerides has more significance for some fatty acids than for others. 

Choline has been shown by various workers to increase the rate of fat absorp- 
tion. (50), (81) Choline appears to be necessary for normal bile production.‘*® 
In addition, according to Frazer,“ when fat particles are present in the 
intestinal cell choline will promote their discharge into the corium of the villus 
and thence into the lacteals by a mechanism which is thought to be due to the 
pumping action of the villus. 


D. Transport and deposition of ingested fat 


The fatty acids from the ingested fat with the probable addition of those 
synthesized from the non-fatty constituents of the diet by the intestinal cell 
(cf. Bernnarp and But_et™) appear in the lymph mainly as triglycerides (see 
Table 1). Bercstr6m et al.“® found in their experiments, that over a period 
of four hours the amount of labelled fat in the lymph entering the systemic 
circulation of the rat, mainly as triglycerides, was about forty times larger than 
the amount originally present in the plasma, but radioactivity of the plasma 
glycerides did not rise to more than one-sixth that of the lymph. Apparently 
the lymph glycerides are present as emulsified fat and as such are readily 
removed from the blood during their passage through the various organs. On the 
other hand, the original plasma lipids, which are not visible under the micro- 
scope, are much more stable, being present presumably as lipoproteins. In this 
form they retain their slower turnover during fat absorption without much ad- 
mixture with the ingested fat that is transported by the blood plasma to the 
various organs of the body. Intravenously injected fat emulsions behave simi- 
larly to ingested fat in being rapidly removed from the blood stream. *, (89), (66) 
The rapid removal of lymph glycerides from the blood is consistent with the 
fact that the concentration of lipids in rat plasma remains relatively unaffected 
during fat absorption. In certain other species including humans and dogs, the 
removal of these lipids from the blood is not so effective, and the blood lipids 
may increase to twice their fasting values during fat absorption.'$7), (8%, (6) 
Bercstroom ef al.) found that under the experimental conditions used the 
amount of phospholipids entering the blood stream from the lymph was only 
about one-tenth that of the glycerides, and furthermore, the lymph phospho- 
lipids had a lower specific activity than the corresponding glycerides. Never- 
theless 
glycerides, indicating that the lymph phospholipids are more extensively mixed 


the plasma phospholipids showed a higher activity than the plasma 


in with plasma phospholipids than are the corresponding glyceride fractions. 
Although the fat emulsion removed from the blood was largely (80-90 per cent) 
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glyceride containing fatty acids with a relative specific activity of 90 per cent, 
it was found that in the organs the radioactivity in the phospholipids was 
greater than in the glycerides. The liver phospholipids, for example, showed a 
rapid transfer of labelled stearic acid from the glycerides, as did the muscle 
phospholipids. GotpMan ef al. on the basis of studies of the distribution of 
isotopically labelled fatty acids in phospholipids of normal and liverless dogs 
after intravenous injection of 1-'C labelled palmitic acid concluded that the 
liver was the site of synthesis of the plasma phospholipids. The phospholipids 
of heart, skeletal muscle, kidney, small intestine and its mucosa and lung were 
synthesized in the tissues cf these organs and were not concerned with the 
transport of fatty acids from one organ to another. 

As in the case of the intestinal phospholipids’ earlier discussed, it would be 
anticipated that fatty acids would distribute themselves differentially between 
the glycerides and phospholipids of the liver (cf. ) and other organs so that 
the results might vary according to the nature of the fat ingested. Thus, while 
some investigators have found the dietary fatty acids to be incorporated to a 
greater extent into the liver phospholipids than into the liver glycerides,?) 


others have found the reverse.) 

The observations of Bercstr6m et al.‘ on the selective incorporation of 
fatty acids into phospholipids have provided a mechanism for the differentiation 
of fatty acid composition of phospholipids as corapared with triglycerides in the 
muscle and various organs of animals. The extensive observations by various 


investigators, especially on livers of various species of animals, show that 


phospholipids as compared with corresponding glycerides contain more stearic 
acid and C,.-C,, highly unsaturated acids, but less hexadecenoic acid.“® This 
circumstance results in a general similarity in fatty acid composition of phospho- 
lipids from different species in contrast te the marked differences shown between 
their glyceride fatty acid composition.“”) Aithough it might appear that the 
selective incorporation of fatty acids into phospholipids as compared with 
glycerides is based entirely on molecular weight, further investigation shows 
that this is not so. For example, in pasture-fed horses SuHorLanp et al.) have 
shown that whereas the dietary fats and depot fats contain linolenic and octa- 
decadienoic acids in the ratio 4:1, the ratio in the phospholipids is approxi- 
mately 0-1:1; elaidic acid when present in the diet is also selectively in- 
corporated into the phospholipids. 

As the proportions of triglycerides in animals are usually considerably in 
excess of the phospholipids the interchange of fatty acid radicals between these 
two kinds of lipids probably will not have any marked effect on the composition 
of the glycerides in the fatty depots. Much of the ingested fatty acid is trans- 
ferred directly to the fatty depots.0° The mechanism whereby glycerides from 
the blood pass into the cells of fatty tissues and liver is obscure, as is the 
mechanism for the mobilization of fat from the fat depots to the liver and 
vice versa. It appears, however, that the mobilization may be affected by 
dietary factors, by nervous factors, by hormones, and possibly by varying 
metabolic demands,‘ 
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E. Some factors in the production of fatty livers 


The accumulation of fat in the liver may arise from excessive anicunts of fat 
in the diet, or from the exvessive production of endogenous fat, as was observed 
by Frock ef al.“*) when geese were vigorously fed on a carbohydrate-rich diet. 
Starvation also results in excessive fat deposition in the liver, as does, inci- 
dentally, exposure to carbon-tetrachloride vapours." Certain substances, 
such as cystine"), 02) and anterior pituitary extracts," accelerate the 
deposition of fat in the liver while other substances (lipotropic agents) such as 
choline have the opposite eifect. 

Best et al. in 1934" found that rats fed a diet rich in fat (40 per cent), but 
deficient in choline, produced fatty livers. The increased fat in such livers 
consisted entirely of neutral glycerides. It was not characteristic of the phospho- 
lipid fraction and bore no relationship to the amount of carcase fat. As the 
omission of choline from the diet affected the rate of growth of rats and resulted 
in matted and untidy fur, Best and Huntsman regarded choline as an 
accessory food factor. CHANNON et al.) observed that the degree of fatty 
infiltration in choline deficient diets varied with the nature of the fat. Com- 
paring beef dripping, butter, olive oil, eod-liver oil, coconut oil and palm oil, 
they found the most intensely fatty livers were produced by butterfat, and the 
least by cod-liver oil. The degree of fatty infiltration was later shown to be 
related to the content of C,,-C,, saturated fatty acids in the diet,“ increasing 
with decreasing chain length from C,,-C,,-C,,." Oleic acid was found to be 
much less effective than palmitic acid in causing infiltration of liver fat.“ 
Ethyl laurate was found to induce fatal myocarditis,“" and ethyl caprylate 
occasional renal haemorrhage and necrosis.“° Ethyl esters of fatty acids of 
less than 12 carbon atoms were not effective in producing severe fatty livers.“ 

Beside choline other naturally occurring lipotvopic substances including 
betaine,“ methionine,“ inositol!) and lipocaic'™ are known. A com- 
parison of their particular properties with those of choline has no special bearing 
on the present discussion as the main consideration here is the source of the 
extra fat in fatty livers. Considerable light has been thrown on this problem 
by Barrett ef al.'*) who fed mice a diet containing 15-20 per cent deuterated 
linseed oil, and choline, until a reserve of deuterated depot fat had accumulated. 
Subsequent treatment involving starvation, injection with anterior pituitary 
extract, or exposure to carbon tetrachloride vapours induced fatty livers with 
extra fat of the same deuterium content as the depot fet. In each instance 
therefore it was deduced that the extra fat in the liver had resulted from 
transport of depot fat to that organ. On the other hand, feeding a carbo- 
hydrate-rich diet poor in lipotropic factors resulted in excess liver fat which, 


by comparison with depot fat, was poor in deuterium, and had, therefore, 
been produced endogenously in the liver from carbohydrate. SreTreN and 
SaLcepo"™ approached the problem of the source of extra fat in fatty livers 
by administering D,O to animals and ascertaining from the deuterium content 


of the fat deposited, the amount of endogenous fat present. In this way they 
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confirmed the results of Barrett ef al.‘ in regard to the source of extra liver 
fat arising from injection of anterior pituitary substance or from fasting. In 
addition, they found that the fatty liver from cystine feeding arose from an 
increased synthesis of fat from carbohydrate which resulted in more newly, 
synthesized fat both in the carcase and the liver. The extra fat in the liver thus 
originated, not from impaired transport, but from overloading with endogenous 
fat. They showed further that in the absence of choline, rats fed a carbohydrate- 
rich diet had a higher content of liver fat, most of which had been synthesized 
endogenously. In the control animal's, however, there were more newly syn- 
thesized fatty acids in the depots than in the choline deficient animals. Choline 
they considered, facilitated transport of fatty acids from the liver to the depots. 
It has been generally assumed that the choline exerts its lipotropic action 
by mobilizing the liver fatty acids in the form of plasma phospholipids.“ 
However, the role of these compounds in the transport of fatty acids has been 
questioned. ZrtversMit ef al.“'® found that choline stimulated lecithin turn- 
over in the liver, but not in plasma, and they concluded that choline does not 
act by increasing transport of fat via plasma phospholipids, but rather by 
stimulating the utilization of fats within the liver itself. Artom!» subsequently 
found that choline or some substance formed from choline in vivo stimulated 
the oxidation of fatty acids. Very marked differences were found in liver slices 
prepared from choline supplemented rats as compared with choline deficient 
animals. Thus it appears that choline may not, as was formerly supposed, 
facilitate the removal of liver fat tou the depots, but acts by increasing the rate 
at which the surplus liver fat is used up. Though the exveriments of BARRETT 
et al.©®» support the view that the fatty liver obtained by exposure of the 
animal to carbon tetrachloride vapours is due to the transport of depot fat to 
the liver, other experiments by WINTER!” point to carbon tetrachloride 
poisoning resulting in a reduction in fatty acid utilization. The capacity of 
liver tissues to oxidize fatty acids may have, therefore, considerable significance 


in the development of fatty livers. 

It thus seems that fatty livers may be produced either exogenously from the 
dietary fat or endogenously from carbohydrates and proteins. The extra fat in 
the liver has been shown to arise from the failure, owing to the absence of lipo- 
tropic agents, or to liver damage, to metabolize the fat received or produced 
by the liver in normal amounts, or it may arise from overloading of the liver 
with unusual supplies of fat synthesized in the liver or received from the depots. 


Ill. Enpocrenows Fat 


It has been known since the classical experiments of Lawes and GiLBeRtT!®) 
carried out nearly 90 years ago, that animals fed a carbohydrate-rich diet 
deposited considerably more fat than was ingested. As the amount of protein 
in the diet was insufficient to provide for the deposited fat it was inferred that 
the extra fat in the animal must have been synthesized from the dietary carbo- 
hydrate. More recently, LoNGENECKER,™™® fed carbohydrate-rich or protein- 
rich fat-free diets to rats depleted of their fat reserves, and established that 
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fats of similar composition mmay be formed with equal facility from the dietary 
carbohydrate or protein. 

The mechanism for the conversion in the body of carbohydrates and proteins 
to fat has been a subject of continued study, and although the precise details 
are still unknown, by use of isotopic tracers a great deal of light has been shed 
on the problem. In particular there is now very little doubt that fatty acids 
are synthesized from small molecules (two carbon atoms) in the form of acetate 
originating from carbohydrate, protein, or from the breakdown of the fat 
itself. It is proposed to cover briefly the earlier experiments involving the 
administration of labelled compounds to rats and to consider in more detail 
the later experiments carried out by the British workers, FoLtey and Popsak 
on the mammary gland tissues. 


A. Evidence for the synthesis of liver and body fat from “acetate” 
p-oxidation (degradation of fatty acids involving successive removal of acetate) 
is perhaps amongst the most firmly established theories of biochemistry. The 
converse has, however, only recently been established. In 1944 RITTENBERG 
and Brocu,“™), 42) found that after the administration of CD, “COOH to 
mice and rats the fatiy acids in the liver and carcase contained %C and D 
indicating that acetate could be converted to fat in the animal. Some typical 


results are given in Table 2. 


Table 2. Isotope concentrations in lipids of mice fed labelled acetate 
RITTENBERG and Bioca 


(The values are given in atom per cent excess) 


Carcase 


Total fatty acids ; ; 
Saturated fatty acids . -| 
Carboxyl carbon of saturated | 

fatty acids. . .| 
Azelaic acid from “‘oleic” . .| 0-090 
Perlargonic acid from “oleic” .| @071 
Cholesterol -| OG&7 


The presence of }°C and D in the total fatty acids after feeding CD, “COOH 
(cf. Table 2) indicates that both carbon atoms are employed in the synthesis 
of some components of the total fatty acid mixture. From the concentration 
of 3C in the pelargonic and azelaic acids derived from oleic acid and the 


presence of twice the concentration of °C in the carboxyl carbon as the average 
of all the carbon atoms in the total fatty acids (cf. Table 2), RrrrenBere and 
3Locn"!2) expressed the view that the fatty acids had been formed by the 
successive condensation of acetate molecules. At first it was thought that 
acetoacetate was an intermediary in this condensation as the biological con- 
densation of acetate to form acetoacetate had been previously well established 


287 


D | 180 D 
0-13 | 0-103 0-32 
0-24 | 0-160 0-42 
0-290 — 
| 4 
0-15 
0-24 | 0-087 0-67 
|| 


Formation of Animal] Fate 


both in vivo and in vitrc.“2*), 2) Later studies by ZaBix and 
however, indicated that acetoacetate is not an intermediary in the formation 
of fatty acids from acetate. 

ZaRrin"25) showed that stearic acid isolated after incubation of rat liver slices 
with carboxyl labelled acetate, contained almost all of the isotopic carbon in 
the carboxyl position. The finding demonstrates that chain elongation occurs 
by the addition of two carbon atoms to the carboxyl end of palmitic acid. 

Subsequently AnkeRr"*® fed 1-“C myristic acid to rats and degraded the 
palmitic acid isolated from the carcase fats. As a result of such degradation it 
was estimated that the specific activities of the carbon atoms in the palmitic 
acid were distributed as follows: 


CH,-CH,-(CH,),, CH,-CH,-COOH 
05 15 23 545914 10-145 


The values given are expressed as a percentage of the total activity of 
palmitic acid. The distribution of isotope indicates that the palmitic acid is 
formed by condensation of the carboxyl group of myristic acid and acetic acid. 

AnKER'!?® also showed that the fed 1-'C myristate was partly converted 
to myristoleic and oleic acids. The isotopic distribution of the carbon atoms 
in hydrogenated oleic acid indicated that the formation of oleic acid probably 
occurs through the elongation of myristic acid to stearic acid followed by 
dehydrogenation. 

From an examination of the fatty acids of mice that had been sacrificed four 
hours after injection with carboxyl labelled acetate, DauBEN et al.?” found 
that whereas palmitic acid was labelled more or less uniformly at every alter- 
nate carbon atom throughout the molecule, stearic acid showed a different 
distribution of isotope labelling, in that the specific activity of the carboxyl 
carbon was about three times that of the remaining alternate carbons in the 
molecule. This indicates the possibility that palmitic acid is mainly synthesized 
from two carbon units and only a small quantity of it is formed by the elonga- 
tion of pre-existing higher fatty acid such as myristic. Stearic acid, on the 
other hand, may be formed to a considerable extent from the sixteen carbon 
moiety. Degradation of the unsaturated acids showed a similar pattern of 
isotope distribution and generally accords with the postulate of ANKER 6 
that the formation of unsaturated acids may proceed by dehydrogenation of 


the corresponding saturated acid. 

Swan"?9) found that the liver fatty acids of mice, isolated 15-100 minutes 
after intraperitoneal injection of 1-'C acetate generally showed an even dis- 
tribution of “C at alternate carbon atoms throughout the whole molecule. In 
the acids isolated from the shortest term experiments, however, there was an 
excess of !4C in the carboxyl carbon as compared with the remaining alternate 
carbon atoms. Swan suggests that this situation is consistent with a reaction 
between endogenous (unlabelled) fatty acids and the exogenous acetate at the 
beginning of the experiment. This uneven distribution of the isotopic labelling 
is supported by the results of Dausen et al.“?” for stearic acid mentioned above. 
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Although the evidence so far presented shows that acetate is an intermediate 
in fat formation, the possibility that other compounds such as pyruvate can 
participate directly without prior conversion to acetate has not been excluded. 
In experiments involving the administration of labelled acetate various in- 
vestigators by comparing the specific activity of the acetate excreted as 
p-acetamido benzoic acid (cf. BERNHARD“) with that of the synthesized fatty 
acids have calculated that not less than one quarter of the carbon atoms in the 
endogenous fat comes from acetate.“*4), 031) However, this technique 
assumes that the isotopic concentration of the excreted acetyl groups represents 
the true isotopic concentration of the metabolic pool. Moreover, the 2-carbon 
units derived from pyruvic acid are a source of carbon for the higher fatty acids 
but do not contribute proportionately to the acetylation of foreign amines 
such as p-amino benzoic acid.“*”) In later studies on the synthetic activity of 
the lactating mammary gland many different labelled intermediates, including 
pyruvate were fed, and it was concluded that acetate usually occupies the 
main, if not the exclusive, role as the immediate precursor in fat formation.“ 

In accepting acetate as the precursor in the production of endogenous fat 
there arose the difficulty that fatty acids below capric acid had not been shown 
to occur in animal depot fats. Recently, however, acetic and butyric acids 
have been detected in the liver glycerides of the rabbit"* and a consecutive 
series of volatile fatty acids (C, to C,,) has now been shown to occur in the 
perenephric fats of the ox.“ The most complete evidence of intermediates 
in the build up from acetate to higher fatty acids has been obtained from 
studies by British workers on the lactating mammary gland.“%9 Here the 
products of synthesis are stabilized by their rapid removal into the milk ducts. 

The recent work in the Fats Research Laboratory in connection with the 
isolation of uneven numbered fatty acids from ox fat,“* normal heptadecanoic 
acid from hydrogenated mutton fat,“’**? numerous branched chain acids from 
the milk and depot fats of ruminants, as well as frora shark liver oil” lends 
support to the view that compounds other than acetate alone also participate 
to a limited extent in the formation of animal fats. 


B. Investigations on milk fats as a centribution to the study of fatty acid synthesis 
It is apparent that the milk fats could result from either (a) blood fat or (6) by 
synthesis in the mammary gland, or from both these sources. Cows receiving in 
their diet unusual fatty acids such as erucic, the highly unsaturated acids of 
cod-liver oil, or the lower saturated acids of coconut oil, incorporate these acids 
into the butterfat.“%%), 37) Tt is therefore evident that a certain proportion at 
least of the milk fat will originate from the blood fat. Hi_prrca'®Y ©) has 
expressed the view that the milk fats of ruminants originate entirely from the 
blood fats, and that milk fats and depot fats are derived from a common pre- 
cursor. He showed that the glycerides of ruminant milk fats, particularly of 
butterfat, and the corresponding depot fats differed from all other natural fats 


in containing considerably more fully saturated glycerides than would be 
expected if the fatty acids had beea distributed amongst the glycerides according 
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to the principle of even distribution characteristic of ail other natural fats. 
This situation, he considered, arose from the fact that although milk and depot 
fats were assembled originally on an even distribution pattern, the preformed 
oleo-glycerides in these fats were subsequently hydrogenated in situ. This 
resulted in considerably greater proportions of stearic acid than were found in 
the depot fats of other animals and to correspondingly increased proportions 
of fully saturated glycerides. In ruminant milk fats still further modification 
took place in the mammary gland by a process of w-oxidation, whereby the 
stearic acid molecules arising from hydrogenation of the preformed oleo groups 
are degraded in the intact glyceride to give substantial amounts of C,C,, 
volatile fatty acids peculiar to these fats. In addition, some of the oleic acid 
groups in the intact glyceride are similarly degraded to give the C9, C,, and 
C,,A° acids present in minor proportions in milk fats. 

In 1938 Smiru and Dastur"*) found that during inanition the proportions 
of voiatile acids in butterfat were greatly reduced and suggested that this 
finding was as much in harmony with the view that volatile fatty acids are 
intermediates in the synthesis of higher fatty acids from carbohydrates as with 
the view put forward by Hilditch. Subsequently other workers showed that 
the lactating ruminant udder in vivo had a respiratory quotient greater than 
unity, also indicating the possibility of synthesis of milk fat from carbo- 
hydrates,(140), (141) 

Further advances were made by mammary gland tissue slice studies using 
acetate and glucose as substrates. FoLLey and Frencu found that mammary 
gland slices from lactating ruminants utilized acetate, but not glucose, with a 
respiratory quotient greater than unity.“*), 43), (49) Non-ruminants showed, 
on the other hand, a respiratory quotient greater than unity only in the presence 
of glucose, glucose and acetate, but not with acetate alone as substrate.(4) 
The utilization of acetate by mammary tissue slices of lactating ruminants had 
particular significance, because in ruminants the carbohydrates and proteins 
are broken down to lower volatile acids, particularly acetate, which is trans- 
ported in the 

It seems therefore that ruminants, in contrast to non-ruminants, have under- 
gone a process of adaptation"? so that the energy requirements for the 
conversion of acetate to fatty acids may be derived from acetate in place of 
glucose. Glucose, perhaps, has little importance in the synthesis of fat from 
carbohydrate in the ruminant udder. That mammary gland slices synthesize 
fat from small molecules has also been shown by the incorporation of C from 
CH; “COONa and of tritium T from THO into the fatty acids.“ 

Definite evidence for the synthetic activity of the mammary gland in vivo 
was first obtained by Popsax ef al.“ After administration of 1-“C acetate, 
it was found that the fat of the non-lactating mammae of pregnant rabbits con- 
tained isotopic carbon, particularly in the volatile acid fraction. This indicates 
that acetate was used chiefly for the synthesis of the short chain fatty acids,“ 

Other experiments demonstrated the synthesis of fat from acetate by the 
udder of the goat"*) and of the cow") and also by the isolated perfused 
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bovine udder. This shows that the synthesis of milk fat occurs in the udder 
itself and not in the liver or elsewhere.“5) 

After intravenous injection of 5 me of 1-“C into a lactating goat, the specific 
activities of the milk fatty acids were examined at intervals during the next 
48 hours, with the results shown in Table 3. 


Table 3. Specific activities (1 x 10-* ue “C per mg C) of pure fatty 


acids obtained from glycerides of milk during various intervals after 
intravenous injection of 5 me of *C as CH, “CO,Na into a laciating goat 


(PopsaK, Frencu, Hunter and Martix™)) 


Period of experiment from which 
fatty acids were pooled 
0-12 hour 12-48 hour 
Acetic 14-68 — 
Butyrie ‘ 11-45 0-350 
Hexanoic . - 21-15 0-424 
Octanoic . 28-40 0-717 
Decanoic . 33-75 0-943 
Lauric 23-80 1-080 
Myristic 10-28 1-260 
Palmitic .| 10-25 1-260 
Stearic 0-49 0-063 
Oleic . 0-31 0-063 


Fatty acid 


At al! stages it was found that the specific activity of the milk fat was several 


hundred times greater than that of the plasma,“®® indicating that apart from 
oleic and stearic acids (vide infra) synthesis of the milk fat had occurred in the 
mammary tissues. The results shown in Table 3 for individual fatty acids 
collected during the first 12 hours and at 12—48 hours after injection suggest a 
relationship between specific activity, chain length and the Liochemical 
mechanism of fatty acid synthesis by the successive addition of acetate 
molecules to the carboxyl end. 

The results in Table 4 show that butyric acid is synthesized by the con- 
densation of two C, units of equal isotope content. On the other hand, the 
distribution of “C in hexanoic acid (cf. Table 4) shows that the “‘acetic” part 
contains 2-5 times as much isotope per labelled carbon atom as does the 
“butyric” part. This situation would arise if the butyric acid synthesized from 
acetate in the udder was being continuously diluted about 2-5 times by a 
non-isotopic C, compound. The dual origin of butyric acid in the udder may 


be represented thus: 
CH,C**OOH -> CH,C**H,CH,C**OOH + non-isotopic C, compound 
e.g. butyric acid -- CH,C*H,CH,C*OOH 
The synthesis of caproic acid may then be visualized by: 
CH,C*H,C*OOH + CH,C**OOH -+ CH,C*H,CH,C*H,CH,C**OOH 


* Denotes the presence of labelled carbon atoms. 
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The non-isotopic C, compound might be butyric acid itself or another C, 
compound such as f-hydroxybutyric acid, which is known to be present in 
the blood of lactating ruminants in sufficiently large amounts to be absorbed 
by the mammary glaad.“% 

It is not known whether the mechanism of fat formation in the udder differs 
from that in the depot fat, apart from the stabilization of intermediates by 
rapid removal into the milk ducts. This removal may be responsible for the 
fact that as indicated from the specific activities of the fatty acids (cf. Table 3) 
the synthesis of fat in the udder stops at palmitic acid, but in depot fat it 
continues, yielding as the main constituent oleic acid. It is perhaps relevant 
that in the mice depot fat, as earlier indicated, palmitic acid is formed by the 
more or less simultaneous addition of C, units, but stearic acid is formed to a 
considerable extent by the addition of acetate to preformed C,, units.“*” 

The comparative absence of radioactivity of oleic and stearic acids, and the 
marked radioactivity of the C,-C,, acids indicated in Table 3, is consistent 
with the view that the former acids comprising 40 per cent of the total fatty 
acids of milk fats are derived from the blood fat, and the latter, by synthesis 
in the udder from acetate. The presence of marked labelling of the C,-C,, 
acids, however, does not completely exclude the possibility that some of these 
acids found in milk fat could have been derived in part from the blood glycerides 
also. For example, when coconut cake containing lower saturated acids is fed 
to cows, the proportions of lauric and myristic acids increase in the butter- 
fat.2°© Thus, while Hi_pircn’s view”, @38) that milk fat is derived from the 
same precursor glycerides as the depot fat cannot be accepted completely, it is 
likely that somewhat more than 40 per cent (including oleic and stearic acids) 
is derived in this way. The decrease in the proportions of volatile acids during 
inanition* suggests that under these conditions a still greater part of the 
butterfat ccmes from the blood glycerides. 

To explain the common pattern of the mixed glycerides in the milk and depot 
fats of ruminants, and at the same time to reconcile the syntheses of short 
chain fatty acids in milk fat from C, units, Hitprrcn*” suggested that the 
short chain fatty acids replaced oleic acid groups in the preformed triglycerides. 
The tendency for milk fat to contain less c. (22-25 per cent) palmitic acid than 
depot fats c. (27 per cent) would be consistent with some replacement of 
palmitic acid by lower saturated fatty acids in the mammary gland. 


C. Fat synthesis from carbohydrate 


Although Gray ef ai.“ have shown by adding labelled propionate to rumen 
fluid that this acid contributes to the formation of valeric acid, investigations 
have so far failed te establish the presence of an intermediate other than 
acetate for the biosynthesis of fatty acids in animals. In ruminants, the earbo- 
hydrate food is assimilated mainly as acetic acid, but in other species the 


endogenous metabolism of the animal must provide acetate by breaking down 


the larger molecules. It would seem that either carbohydrates or proteins may 


be used for this purpose. It is known that certain amino acids such as leucine“ 
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and aianine™™ yield acetate in the animal, thus providing a means for the 
conversion of protein to fat. Other amino acids such as glutamine are well 
known as glycogen formers. As carbohydrates are converted in the animal to 
fats this provides a further pathway for the conversion of protein to fat. 

The mechanism for the conversion of carbohydrate to fat has been made 
much clearer by the work of Porsak ef al.“® in which the following compounds 
CH, “COOH, “CH,COOH, CH, ™CO-COOH, ™“CH,CO-COOH, ™C-glucose 
and C starch were administered to lactating rabbits. It was found that 
each of the test substances was equally effective as a source of carbon for the 
synthesis of fatty acids of milk fat and that the distribution of radioactivity in 
the water-insoluble volatile, water-soluble volatile and the non-volatile fatty 
acids was similar, irrespective of the compound fed. From these results it 
appears that the test compounds had first been broken down to acetate before 
utilization for fat synthesis. Further evidence in this connection was obtained 
from measurements of the specific activity of excreted “‘acetyl’” C after adminis- 
tration of “C pyruvate, “C glucose and “C acetate respectively, using the 
p-amino-benzoic acid technique previously mentioned.“ 

Detailed examination of the distribution of the “C in isolated octanoie acid, 
also showed that the pyruvate was converted by decarboxylation to acetate 
before participation in the synthesis of fatty acids. Similarly, by feeding 
(1-14C)-glucose, which is broken down in the glycolytic cycle in such a way that 
carbon atoms | and 6 become the f-carbon of pyruvate, it was possible to show 
that the results are consistent with the following mechanism for the conversion 


of carbohydrate to fat. 


1 “CHO MCH, “CH,  CH,(CH,), COOH 


—> (Every 2nd carbon labelled) 


| | 
2 H-C—OH COOH 


| 

3 HO—C—H 
+ 

4 H-C—OH COOH 


| | 
5 H-C—OH CO COOH 


| | | 
6 CH,OH CH, -> CH, ->CH,(CH,), COOH 


Pyruvic acid Acetic acid Fatty acid 


d glucose 


Besides acting as a source of acetate it has been shown by Popsak et al. 


that glucose or starch provides the glycerol required for the synthesis of tn- 
glycerides. It has been suggested by FoLitey and Frencn"® that the stimu- 
latory effect of glucose upon fat synthesis may be due to the increased avail- 
ability of glycerol resulting from glucose breakdown. It appears further that 
the half-life of the fatty acids in milk glycerides of the lactating goat is 4 hr’ 
as compared with 3 hr for glycerol.“® The glycerol is metabolized by the 
body faster than the fatty acids. Popgax ef al.“® from general considerations 
emphasize that the conversion of carbohydrate to fat requires the formation 


of glycerol as well as fatty acids for the synthesis of triglycerides. 
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(1) Effect of vitamins of the B group.—Until recently ccnsiderable emphasis 
has been placed on the role of vitamins of the B group in the synthesis of 
endogenous fat. McHenry and Gavix(®), (165), (166) considered that fat ayn- 
thesis from carbohydrates did not occur unless thiamine was administered 
though the synthesis was augmented by the addition of riboflavin and panto- 
thenic acid. Incidentally, they found that pyridoxine was needed for the 
conversion of protein to fat, which they considered took place through inter- 
mediary carbohydrate formation.“ and studied the 
effects of thiamine, pantothenic acid, biotin and choline deficiencies in young 
rats. They fed diets containing CH, “COONa and found that although the 
total incorporation of radioactive carbon in the liver fatty acids varied as a 
result of changes in the absolute amount there was no effect on the specific 
activity of the fatty acids. This indicated that in these deficiencies lipogenesis 
per se is not altered. Boxer and Sretrex™ attributed the failure of the 
synthesis and deposition of fatty acids in thiamine deficient rats to diminished 
food intake rather than to any specific action of thiamine. By examination of 
the evidence of other investigators, and on the results of his own work, GRUBER 
considers that there is no indication that thiamine deficiency causes impairment 
of fat synthesis from 

(2) The influence of hormones.—Insulin has been shown to stimulate fat 
synthesis in liver slices,“7*), “79, @7® and in lactating mammary gland slices 
of non-ruminants provided glucose is present.'75), 176,477) Tn ruminants, 
such as sheep, however, insulin was without effect on the lactating udder 
slices.75) Because ruminants use acetate as the preferred energy-yielding sub- 
strate, while non-ruminants utilize carbohydrate, Fottey“® has suggested 
that insulin stimulates fat synthesis through its effect on carbohydrate for 
energy production. 

Brapvy ef al.“ have shown that pretreatment of rats with cortisone 
decreases the ability of their liver slices to incorporate 1-“C acetate into 
the fatty acids. By both respiration and isotope incorporation studies 
Baumain ef al.“® have demonstrated opposite in vitro effects and mutual 


antagonism of insulin and cortisone on lipogenesis by mammary gland slices 


from a Jactating rat. 

Brapy and Gurix"8) have shown that liver slices of pancreatectomized 
cats and of alloxanized rats are relatively ineffective in converting acetate to 
fatty acid. In the case of the alloxanized animals the addition of insulin or 
glucose to the incubating medium failed to restore the lipogenic activity of the 
liver slices. Hypophysectomy"™ was found to stimulate hepatic lipogenesis in 
cats, but injection of the purified hormone or of cortisone inhibited the process. 

(3) Plane of nutrition.—A low plane of nutrition has been shown by many 
workers to restrict very considerably the lipogenesis in liver slices. For example, 
Masoro et al."82) found in rats on a diet containing 60 per cent dextrose and 
22 per cent casein, the ability of Ever slices to convert “C-labelled glucose to 
fatty acids was reduced to one tenth after the animals had been starved for 
24hr. The removal of carbohydrate from the diet also resulted in an 
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extraordinary reduction in hepatic lipogenesis. It was concluded that dietary 


carbohydrate is essential for the maintenance of the capacity of hepatic tissue 
to convert glucose to fatty acids. The results of Lyon ef al.“® confirm the 
marked effect of carbohydrate on lipogenesis. In rais fasted for 18 hr the 
administration of 5 gm of glucose raised the fatty acid “C recoveries froma 
level of 2-7 per cent to as high as 40 per cent in liver slices to which had been 
added 'C acetate. 
D. Extrahepatic synthesis of fats 

It was formerly considered that the formation of endogenous fat took place 
exclusively in the liver (cf. Loncexecker'*”). While the importance of this 
organ in fat synthesis has been generally indicated, (59, (6), OS) there has 
accumulated a great deal of evidence to show that many other tissues besides 
those of the liver possess lipogenic activity. The most outstanding example in 
this connection is the mammary tissue, which, as previously indicated, in 
lactating animals may be more active than the liver. 

The first definite indications of extrahepatic lipogenesis were obtained by 
Waetscu ef al.“S®) in 1940, using as indicator deuterium administered as D,O 
in the drinking water. They showed that fatty acids are rapidly deposited in 
rat brain during myelination, but were unable to establish conclusively that 
the adult rat synthesizes fat in tissues other than those of the liver. The 
relatively large concentrations of deuterium in the fatty acid fractions of the 
intestine, however, suggested that this organ might also actively participate in 
endogenous fat Subsequently Masoro ef al.¢® showed the 
appearance of C-labelled fatty acids after injection of “C-labelled glucose in 
liverless animals whose intestinal tracts had been removed. CutRNICcK ef af57) 
found that surviving slices of rat kidney and of diaphragm converted **C- 
labelled glucose into fatty acids. 

The synthesis of fatty acids in the liver and extrahepatic tissues of the rabbit 
foetus has been demonstrated by the fact that these tissues incorporated in rivo 
the administered deuterium as D,O or the “C from !C-labelled acetate to a 
greater extent than in the maternal liver. 

As the foetal liver fatty acids showed a higher concentration of “C but lower 
concentration of D as compared with the foetal extrahepatic tissues Porsak 
and Breecxmanxs"™) suggested that the fat precursors in the foetal liver and 
extrahepatic tissues may not be identical. 

By use of D,O and particularly by repeated intravenous injection of 
CH, “COONa the same workers” established that in the adult rabbit extra- 
hepatic synthesis occurred in the whole of the gastrointestinal tract as well as 


in the Jung tissues. The concentrations of *C in the fatty acids of the lung and 
the intestine were respectively 50-45 times and 4-6 times that of the liver fatty 
acids. It was found that in the liver the specific activities of the fatty acids in 
the phospholipid and glyceride fractions were similar. In the intestine and 
particularly in the lung the specific activities of the phospholipid fractions were 
higher than those of the corresponding glycerides. These results, according to 
PorsakK and BeEcKMANS'”” were consistent with the view that phosphoiipids 
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were primarily concerned with the synthesis of fatty acids. In the liver there 
was a rapid equilibrium between the phospholipid and glyceride fatty acids, 
but in the intestines and lung equilibrium was only slowly established. 

From the correlation between the appearance of glycogen in adipose tissue 
and fat desposition TUERKISHER and WERTHEIMER'? suggested that adipose 
tissue itself is capable of converting carbohydrates into fat. This has since 
been confirmed by the fact that adipose tissue containing glycogen exhibits a 
respiratory quotient exceeding 1-0"). ") and also by the fact that adipose 
tissue incubated in vivo with serum enriched with deuterium oxide contains 
deuterated fatty acids.“*) It thus seems that most tissues of the body including 
fatty tissues participate in the synthesis of fat. 


E. The occurrence of branched-chain fatty acids in animal fats 


The fatty acids present in animal fats are almost exclusively straight-chained 
and with an even number of carbon atoms. One notable exception is isovaleric 
acid which is found as a major constituent in the fats of the dolphin and the 
porpoise.(196), (197) 

Fatty acids which are branched, and which contain either an odd or an even 
number of carbon atoms, are known to occur in the non-glyceride lipids of 
certain bacteria and of wool grease (cf. Hitpircn®”) and recent work by 
Hansen and SHortanp"*®) revealed the presence of branched-chain acids in 
trace amounts in butterfat. Continuation of this work has shown that trace 
amounts of branched-chain fatty acids varying from C,, to C,,) are also present 
in certain animal! depot fats (cf. Tzble 5). Of the latter, some contain an even 
number of carbon atoms and some an edd number, while the number of side 
chains has been shown to vary from one to four. Lower molecular weight 
volatile acids (odd and even) C,-C,, have also been shown te occur in the steam 
distillate from the fatty acids of ox perenephric fat.“ 

The occurrence of a Cy) saturated acid with 3 or 4 branches cannot readily 
be conceived as originating by the successive condensation of acetate molecules. 
On the other hand, there appears to be no reason why the iso or anteiso acids 
should not be derived mainly from acetate, provided suitable end groups could 
be supplied from some other source. A possibility in this connection is afforded 
by the deamination of certain amino acids by the rumen bacteria, EL-Suazity‘*!) 
showed that some of the volatile acids in the rumen, including acetic, propionic, 
butyric, iscbutyric and branched C, acids originated from protein breakdown. 
It is these branched-chain acids which are characteristic products of the 
breakdown of protein in the rumen under physiological conditions. 

A possible mechanism for the endogenous synthesis of the anteiso acids 
isolated from mutton tallow or ox tallow would involve the deamination of 
L-isoleucine to yield 2L-methyl butyric acid. 


CH,-CH,-CH-CH-COOH CH,-CH,-CH-COOH 
CH, NH, CH, 


L-isoleucine 2L methyl butyric acid 


. 
297 


“LIO (9 
GTO (P) 


oV Buoy 


fo uonsog 


opie fo 


fo sequny 


z 9 — | 
+ a | 
£82 [=] | 
08.82 0-08 os1ojuy I | 
Le + [=] 
1-08 1 | O-L2 9 TO MOTTE? 
(e000 PE | osy I (son STO 
i (ony I (ror 810 
(908) 9-8E | 6-£E 4 O8T I (oon 
+ [=] | 
90-08 | or] I 00°69 
| | 
prop | | | 


pounun fo spron urpyo-poyounsg 2190], 


298 


‘ 
; ~ 
+ 
a 
— 
3 
i 


The Dynamic State of Animal Depot Fate 


By the successive addition of acetate, L-2-methyl butyric acid would give 
rise to the anteiso acids isolated. The fact that the methyl side chain of L-2- 
methyl butyric acid and of the anteiso acids are ef similar configuration (ef. 
Kiyne)* is consistent with this view. In a cimilar manner leucine could be 
a precursor of the iso-acids. The recent isolation of a C,, iso acid‘) from 
butterfat suggests the possibility of an endogenous syuthesis from valine: 


CH, 
CH-CH-COOH 
CH, NH, 


which EL-SHAZLEY regards as the precursor of the isobutyric acid found in the 
rumen. 

The exact proportions of branched-chain acids are difficult to determine, 
but the data so far obtained are consistent with the presence of not less than 
1 per cent of these constituents. As the unsaponifiable matter of the fats 
examined was not in excess of 0-7 per cent and the main component of this 
fraction, cholesterol, was largely in the free form, it seems probable that the 
branched-chain acids are not adventitious constituents accompanying fats but 
are present as part of the glyceride molecule. 

The occurrence of volatile uneven numbered fatty acids in beef perenephric 
fat" as well as n-heptadecanoic acid in hydrogenated mutton tallow" 
mentioned earlier, affords farther evidence of the probable complexity of 
endogenous fat production involving the participation of units other than 
acetate. 

IV. Tue Dynamic State or Depot Farts 


A. Utilization and revlenishment of fat in the body 


The concept of a dynamic state of animal fats has been used by ScHOEN- 
HEIMzR"® to convey the idea that fat depots are not, as hitherto supposed, 
inert masses to be drawn upon against starvation but that depot fats are in a 
state of constant utilization and replenishment even under conditions of 
starvation, 

The first definite evidence of the dynamic state of animal depot fats was 
obtained by ScuoENHEIMER and Rirrensperc”™ in 1935. They found that 
normal adult mice fed a fat-free diet to which 2 per cent linseed oil lahelled 
with deuterium had been added incorporated within four days 44 per cent of 
the dietary fat. Asa the amount of depot fat remained constant, it was evident 
that the deuterium-labelled fat in the depots had replaced an equivalent weight 
of fat that had been mobilized or degraded. More recently Punt et al.“ found 
that the fatty acids in the liver and carcases of rats fed labelled acetate added 
to a fat-free diet showed half-life period of 1-9 and 18 days respectively. This 
may be compared with the milk fatty acids of the goat in which the activity 
after injection with “C acetate decayed with a half-life of about 4 hr" 
showing an extremely rapid rate of synthesis. The notion of a dynamic state 
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carries with it the necessity not only of rapid synthesis but also of breakdown 
of fat. It is now generally supposed that the oxidation of fat in animal tissues 
proceeds along Knoop’s suggestion of f-oxidation yielding acetate which may 
be further oxidized through the tricarboxylic acid cycle or may combine with 
another molecule to form acetoacetate. There have been numerous experiments 
to show that fat is rapidly metabolized in the body. For example, STANLEY 
and THaNNHavtsER!? found that 50-73 per cent of the iodinated fat adminis- 
tered orally to humans was degraded within 24 hr. LERNER ef showed 
that the palmitic acid labelled with “C at its sixth carbon atom when injected 
intravenously into rats yielded in 24 hr 35-39 per cent of the “C as CO, 
GoLpMAN ef al.‘21*) found that whereas the intravenous injection of palmitic 
acid 1-C into normal dogs was followed by the expiration of 11 per cent of 
the C in 7 hr, liverless dogs under similar conditions expired 4 per cent of the 
MC as CO,, demonstrating the activity of the extrahepatic tissues for fatty acid 
oxidation. This is also supported by Geyer et al. who has shown that 
carboxy] labelled trilaurin is metabolized by kidney, liver, spleen, heart, lung, 
brain and skeletal muscle tissue slices. Other investigations demonstrating 
extrahepatic breakdown of fatty acids include those of WERTHELMER and 
Ben-Tor"*” who found that fatty acids of glucose-free serum decreased on 
incubation with rat diaphragm, while diaphragms from fasting rats equilibrated 
with glucose manifested theoretical respiratory quotients for fat oxidation. 

Studies by CuarkorF ef al.‘***), (225) in which palmitic acids labelled with 
MC at their carboxyl, 6th and 11th carbon atoms were injected intravenously 
in the form of their triglycerides into fasted rats showed that the location of 
the label in the palmitic acid chain did not influence significantly the amount 
or the rate of elimination of “CO,. It appears, therefore, that once the process 
of breakdown is initiated in the intact animal, a palmitic acid molecule is dis- 
rupted in such a manner that all of its carbons are converted to CO, at about 
the same time. In the oxidation of stearic acid a portion is first converted to 
palmitic acid. This difference in behaviour on oxidation between palmitic and 
stearic acid is paralleled by the differences in their mode of synthesis from 
acetate observed by DauBEN ef 

In addition to the disappearance of fat by oxidation in the tissues, some 
of the fat is converted into glucose. This is particularly noticeable in diabetic 
rats iu which SrrisoweR ef al.'**4 record that at least 6-12 per cent of 
the injected palmitic acid -6-“C was incorporated into glucose in 24 hr. 
Various workers'!5%), (225), (226) haye shown a lack of correlation between lipo- 
genesis and CO, elimination. For example, the former is affected considerably 
by the addition of glucose to the diet while the latter is not. 

In recent years considerable information has accumulated indicating the 
importance of coenzyme A in the synthesis and degradation ot fatty acids. 
LeLoir and McSoz‘??”) described in 1944 the first ceil-free preparations capable 
of fatty acid oxidation using particulate material from the guinea pig liver, 
but their activity was usually limited to the oxidation of butyrate. Subse- 
quently Lensincer'®) found that the oxidative activity resided in the easily 
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sedimented particulate fraction of rat-liver which, under appropriate conditions, 
oxidized higher fatty acids.‘ ‘°° Complete oxidase activity was later shown 
to be present in the mitochondria prepared from 8-5 per cent sucrose homo- 
genates. 23) 

The active intermediate in both acetoacetate and citrate formation has 
now been isolated by LyNneEN ef al.‘*5* and shown to be the acetyl-Co A deriva- 
tive. The structure and synthesis of this compound have been described by 
Nove tui") and the steps in the synthesis and degradation of fatty acids 
have been followed by LyNeEN and collaborators‘? using spectrophotometric 
methods. It has been demonstrated that the first step in oxidation is the forma- 
tion of an «f-unsaturated acid, which, in turn, is converted to the corresponding 
hydroxy acid. The hydroxy acid is then oxidized to the keto acid and finally 
removed as an acetate unit. 

Lynen® and Man_er'*» have given mechanisms for the above reactions. 
From consideration of these it is possible to see that if carboxy] labelled acetate 
were fed to animals, there would be a tendency for the carboxyl groups of 
fatty acids synthesized in the animal to be more heavily labelled than the 
remaining alternate carbon atoms. 


B. The interconversion of fatty acids 


Besides the synthesis and breakdown of fatty acids, the dynamic concept 
involves the interconversion of fatty acids In this counection it is convenient 
to consider separately the fatty acids which may be produced endogenously 
and the fatty acids which cannot be synthesized by the animal from non-fatty 
sources but which are derived entirely from the fatty constituents of the diet. 
In regard to the endogenously produced fatty acids, certain interconversions 
of fatty acids have already been referred to in previous discussions. More 
extensive data indicating the nature of these interconversions are collected 
together in Table 6. The evidence in general is based on the administration of 
labelled fatty acids followed by examination of the fats in the tissues. Isolation 
of fatty acids from the tissues with the same label as the administered fatty 
acid is taken as evidence of the crigin of the tissue fatty acid from the adminis- 
tered fatty acid. 

The data in Table 6 show that besides elongation or shortening of the fatty 
acid chain by the addition or removal of C, units, the organism is able to 
desaturate. This desaturation is limited to the introduction of a double bond 
in the A® position. Further evidence of the specificity is afforded by the work 
of ApPeL et al.*4) on feeding synthetic fats containing a continuous range of 
saturated uneven-numbered fatty acids to goats. From the depot fat of the 
latter there was obtained a range (C,,-C,,) of unsaturated fatty acids. In 
each case it was found that the unsaturated fatty acid had the double bond in 
the A® position and had the configuration (cis) of natural oleic acid. 

The evidence relating to the interconversion of fatty acids which has so far 
been described may be summarized thus: 
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Behenic (C22) 
Stearic (C18) = Oleic (A® octadecenoic acid) 
Pulmitte (C16) = Palmitoleic (A* hexadecenoic acid) 


Myristic (C14) = Myristoleic (A*® tetradecenoic acid) 
1 
Laurie (C12) 


Short chain fatty acids 
1 
Acetic 


The relatively constant proportions of palmitic acid in animal fats noted by 
Hivpitcu,*” and the lack of marked change in the fatty acid composition of 
sheep” and pig depot'**) fats during inanition are consistent with the rapid 
interconversions of fatty acids. In this way on fat-low diets, the fatty acid 
composition is modified, giving fat characteristic of the species. 

The complete range of even-numbered fatty acids from C,-C,, acids is 
found only in milk fats, in which, as previously discussed, the metabolic pro- 
ducts are stabilized by secretion into the milk ducts. In depot fats the propor- 
tions of fatty acids containing less than 10 carbon atoms are negligible. Fatty 
acids with less than 10 carbon atoms when ingested, are deposited mainly as 
palmitic and stearic acids.‘**), (47), (248) Tt appears that these short chain acids 
are first fragmented into C, units which are then recombined to form Jong 
chain fatty acids." The tendency in depot fats is to produce fatty acids of 
the C,, and C,, series. Thus BERNHARD and ViscuER*) found that the behenic 
acid 1 1 as deuterio-behenic ethyl ester to rats was degraded to acids of 
18 carbon atoms or less, and no arachidic acid was formed. 

The rapid adjustment of fatty acid composition of depot fat does not seem 
to apply so readily to fatty acids which are not produced endogenously. For 
example, Visscuer'*® has shown that 24 per cent of hendecanoic (C,,) acid 
may be stored in rat depot fat. Appr. et al.‘**) found, however, that the 
glycerides of odd-numbered straight chain fatty acids fed to rats are subjected 
to some interconversion. Thus the fatty acid composition of the ingested fat 
differs considerably froin that of the depot fat (see Table 7), the latter including 
unsaturated uneven numbered fatty acids not present in the diet. 

LovEerRN™) has suggested that extensive hydrogenation or dehydrogenation 
of the fatty acids in fish may occur. Fish, however, appear to derive most, if 
not all, of their fat exogenously in contrast to the fats of mammals which are 
often mostly of endogenous origin. 

In contrast to almost all other aquatic fats, which contain as major con- 
stituents C,, and C,, highly unsaturated fatty acids, the liver oil of the shark 
(Scymnorhinus lichia) contains no significant emounts of polyethylenie acids 
bet only monoethylenic acids'*5” indicating probable hydrogenation of the 
ingested fat: From a comparison between the seasonal changes in the com- 
position of herring fat and those of the food fat, Lovern'*>”) concluded that 
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hydrogenation and dehydrogenation occurs to a considerable extent in the 
depot fat of this species. 

Although di- and polyethenoid fatty acids are not synthesized by the animal, 
nevertheless the absence of certain of these acids, notably linoleic (A® ™ 
octadecadienoic) results in a fat deficiency disease, which is accompanied by 
an impaired growth, scaly skin, caudal necrosis and lesions in the kidney and 


urinary tract,‘ 


Table 7. Percentage fatty acid composition (expressed as methyl esters) of body 
at from rats fed on fat composed of odd-numbered fatty acids C,C,, 
(APPEL et al.‘*49)) 


Fatty acids % in depot fat 


Chain length 
Saturated Unsaturated 


cg 3-85 
5-94 
Cl2 1-50 0-11 
C13 47-10 16-26 1-22 
Cl4 — 3°29 0-31 
C15 19-36 11-02 0-66 
C16 7-19 7-79 
Cl7 11-35 15-76 6-32 
C18 — 1-59 22-20 
11-90 1-39 


Arachidonic (A‘ 8 4, 4 eicosatetraenoic acid) has an activity similar to 
that of linoleic acid‘ while linolenic (A®* ' octadecatrienenoic acid) 
has somewhat lesser activity.‘ 

Nunn and Smepiey-MacLean®*® found that methyl linoleate when fed to 
rats mainiained on a fat-free diet gave rise to fatty acids in the liver yielding 
polybromides corresnonding to those of arachidonic acid. Methyl] linolenate, 
on the other hand, resulted in the formation of acids which yielded polybromides 
corresponding to a mixture of arachidonic and docosapentaenoic acids. REICKE- 
et and WipmMER and using the more sensitive alkali- 
isomerization technique (cf. Hotman and Burr) confirmed that rats fed on 
a fat-free diet when supplemented with linoleic acid produced arachidonic acid 
in the various tissues. Linolenic acid, however, was chiefly concerned with the 
formation of hexaenoic acid and to a lesser extent with pentaenoic acid. On 
a normal diet it was found that rats deposited polyunsaturated fatty acids in 
their tissues. In decreasing order, heart, liver, brain, kidney, blood and skeletal 
muscle were found to be active in this respect.‘*” 

Unsaturated fatty acid conversions in poultry have been studied by REIsER 
using alkali-isomerization techniques. It was shown that feeding linoleic acid 
to chicks on a fat-free ration gave rise in the carcase and organs to pentaenoic 
acid end possibly trienoic acids while linolenic acid produced dienoic, tetra- 


enoic, pentaenoic and hexaenoic acids, 
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In eggs, Re1sER demonstrated that on fat-free rations, supplementation with 
linoleic acid was followed by the appearance in the yolk lipids of dienoic, 
pentaenoic and possibly tetraenoic acids. Linolenic acid produced all poly- 
unsaturated acids, having from 2-6 double bonds.‘ g-elaeostearic acid when 
included in the diet was deposited in the yolk along with newly synthesized 
dienoic acid, while conjugated linoleic acid, when fed, was similarly deposited 
at first, but the subsequently produced eggs contained a fatty acid similar to 
the in ritro oxidation product of linoleic acid in having a broad absorption band 
at 270 mys.{262) 

The interconversion of fatty acids in hens is thus seen not to be identical 
with that in rats and the situation is summarized in Fig. 1 below. 


DIENE TETRAENE 
4 


HEN 


CHICK, RAT HEXAENE 


Fig. 1. Biological interconversion of polyethenoid fatty acids, 
(After Retser and Hotman!?*9),) 


Hotman'?6) found that the trans isomers of the linoleic and linclenic acids 
were much less active biologically than the naturally occurring cis forms. 
Trans linoleic acid was found to be not active in alleviating fat deficiency 
symptoms but was converted in the rat to a limited extent to tetraenoic and 
hexaenoic acids. Trans linolenic acid stimulated the formation of hexaenoic 
acid but promoted only moderate weight gain and fat synthesis. No poly- 
ethenoid acid formation occurred in animals receiving conjugated linoleic acid. 
The administration of this acid resulted in decreased weight and early death of 
the rats. 

Privett and Hotmawn have recently indicated by private communication 
that cis-9, trans-12-linoleie acid is also unable to relieve dermal symptoms or 
lessen water consumption of rats fed a fat deficient diet. 

The steps involved on the biological conversion of linoleic and linolenic acids 


into polyunsaturated C,) and C,, acids have not been fully established. Mzap 
et al.,**) however, found that labelled acetate adds to linoleate in the con- 
version to arachidonate in the rat, while KLeNk and Boncarp®) consider 
that the positions of the double bonds in the various C,, and C,, unsaturated 
acids isolated from brain lipids could best be explained by the addition of C, 
units at the carboxyl end of preformed oleic, linoleic and linolenic acids. 
Hoiman has recently jn detail the work on essential fatty 


acid deticiency diseases. 
Writes and Hotman‘?*?) found that the biological conversion of linoleic to 
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arachidonic acid, and of linolenic to hexaenoic acid in the rat was considerably 
facilitated by pyridoxine, but benzoyl peroxide or tocopherol was inactive in 
this connection.'**’ However, benzoyl peroxide greatly increased the con- 
version of linoleic to hexaenoic acid, and when fed with unsaturated esterg 
promoted the formation of body fat. Thus the apparent toxic effect of benzoyl 
peroxide is reversed when fed with unsaturated fats. 


V. Facrors DETERMINING THE Fatry Acip Compostrion oF Depot Fat 


From what has already been considered it is apparent that depot fats are 
derived from two sources: (a) exogenous fat modified during absorption and 
transport and, (b) endogenous fat synthesized via acetate from the non-fatty 
constituents of the diet. The fatty acids after deposition (as triglycerides) are 
subject to further modification. Some fatty acid molecules will be converted 
to acetate and then reconverted to fat or transformed into carbohydrate 
or else broken down to carbon dioxide and water. Some saturated fatty acids 
will become unsaturated and vice versa. 

There is evidence that the rapid turnover which is characteristic of the 
endogenous fat does not apply equally to the ingested fatty acids which cannot 
be synthesized by the animals. For example, ANDERSON and MenpE.‘?6) 
showed that the iodine value of rat depot fat was raised following the feeding 
of soy bean oil containing linoleic and 'inolenic acids. The high iodine value 
thus produced, however, could not be markedly lowered when the soy bean 
oil diet was replaced by a high carbohydrate diet. Similarly, LoncexecKER®™” 
found that rats fed on corn oil diet after inanition with 24 per cent loss in 
weight, retained 29-8 per cent linoleic acid in their depot fats as compared with 
32-3 per cent in the non-fasted animals, According to Koni”) when elaidic 
acid was fed to rats, to the extent of 40 per cent of the caloric intake, for three 
days, over thirty days were required before the reserves of elaidic acid were 
cleared from the body. CHEVALLIER et al.‘27) showed that polyunsaturated 
acids did not disappear from the bodies of rats on fasting for 140 hours when 
depletion of fat was well advanced. 

From discussion in the section dealing with exogenous fat (see page 310) it 
will be apparent that the fatty acids after ingestion are transported in the 
blood mainly as triglycerides to the various tissues and organs. Here they 
undergo selective interchange with the fatty acids of the phospholipids.“ 
Fig. 2 gives an approximate representation of the processes involved in the 
formation of fat in non-ruminants. As shown in the diagram, in the intestinal 
lumen carbohydrates are converted into glucose and other monosaccharides. 
Proteins, on the other hand, are hydrolyzed to amino acids. In ruminants, 
hemicelluloses, cellulose (which are practically indigestible in non-ruminants) 
and proteins are broken down by bacteria in the rumen to volatile fatty acids, 
particularly acetic acid. The formation of volatile acids in the rumen is followed 
by their passage into the blood for subsequent use as a source of energy and 
for the synthesis of fats, carbohydrates and cholesterol (cf. Etspen and 
Thus in ruminants conversion oi food to 
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Formation of Auimal Fates 


acetate occurs in the alimentary tract whereas in non-ruminents glacose and 
amino acids are converted to acetate in the liver and other tissves after their 
passage through the intestinal wall. 


A. Glyceride structure F 


Although Fiz. 2 stresses the main point that depot fats of animals are the 
product of a mixture of exogenous and endogenous fats which are in a state of 
continual modification, it represents a considerable oversimplification of the 
true position. It does not take into account, for example, the intricacies of 
glyceride structure. Difficulties arise from the lack of precise methods for the 
investigation of glyceride structure. Nevertheless, during the past 25 years 
this subject has been studied extensively by Hi_pitrcu who formulated the 
widely accepted rule of even distribution.“ According to this principle the 
fatty acids are distributed as widely as possible among the glyceride molecules 
so that, for example. no fully saturated glycerides are formed until the content 
of saturated acids exceeds two thirds of the total. To account for the fact that 
in ruminant depot fats fully saturated glycerides are formed before the saturated 
acid content reaches 66-7 per cent. Hr_pitcu suggests that such fats have been 
assembled originally on an even distribution pattern, but modified subsequently 
by the hydrogenation of preformed oleoglycerides in situ. The problem of 
glyceride structure is of great importance and interest as illustrated by the 
recent work of Qcimsy eé al.'*5) which shows that lard consists largely of 
glycerides with palmitic acid in the f-position, whereas beef aad mutton tallow 
contain palmitic acid mainly in the a-position. This probably accounts for 
some of the differences in the physical properties of tallows and lard. This work 
also confirms Hrmprrcu’s views to some extent, in suggesting that the basic 
pattern of fatty acid distribution in animal fats is not based upon the law of 


probability. 

Other theories of fatty acid distribution have been formulated by other 
investigators (cf. for example, is of the opinion 
that ihe distribution of fatty acids in animal fats occurs on the basis of the 
law of probability. More recently Karraa‘?’®). (27) assumed that the general 
pattern of glyceride structure of natural fats is based on the law of probability, 
but that when the melting point of a fully saturated glyceride would be unduly 
raised by the inclusion of a saturated acid of high molecular weight, the third 
saturated acid that would otherwise enter to form a fully saturated glyceride 


is replaced non-selectively by an unsaturated acid. 
It is now proposed to consider so far as is possible in such a dynamic system, 


the separate effects of the endogenous and exogenous fats on the composition 


of the depot fat. 


B. Fatty acid composition of endogenous fat 
The fatty acid composition of the endogenous fat may be deduced approxi- 
mately: (a) from the fatty acid composition of animals fed on a “fat-free” 
diet, (6) from the composition of fat from pasture fed ruminants which appears 
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Table 7. The fatty acid composition of endogenous fat 
(Fatty acids mols %) 
(a) Animals fed on a “‘fat-free’’ diet 


Saturated 


Sucrose — | 3-1 26-7 3-6 | 0-4 | 0-9 | 15-6 47-2| 2-2 | 0-3 
(Total Casein | — | 2-8 | 29-7/ 5-8 | 1-1 | 1-0 | 15-6) 43-8) 2-0 | 0-2 
pigit) (Outer back) Skim- — | 2-5 | 28-9) 9-8 | — | — | 5-3 |53-4)0-1) — 
(Inner back) milk | — | 3-1 | 29-2) 11-9) — — | 5-9 | 49- | 0-1 
Sheep'**” (External tissue) | Wheat 0-4 | 4-4 | 25-9 23-6 — 104/08 | 42 42-5 1-5 | 0-5 
straw | | | j 


(6) Pasture fed ruminants 


Saturated Unsaturated 
Species cle, Cy, 
ene 
Ox'#8!) (Perinephric) -| O1 | 3-9 | 28-7) 30-4) 0-6 | 0-5 | 1-8 | 32-4, 0-8 | 0-8 
(Intermuscular) .| — | 4-0 | 27-5' 17-1) 0-4 | 1-0 | 4-2 | 43-2 10) —] 1-6 
(Intramuscular) .| — | 1-3 | 28-0, 14-0, 0-8 | 0-5 | 5-9 47-0 1-0] 1-5 
(Subcutaneous) .| | | 28-9 12-8) 0-8 | 1-7 | 4-6 | 44-1) 1-3 |__| 20 
(Perinephric) 0-2 | 3-7 | 26-5) 23-1) 0-7 | 0-5 | 2-6 40-4) 1-8 |—] 0-5 
Sheep's?" (Total fatty tissues) 7 1-7 | 4:2 | 26-6 21-3) 0-6 | 0-6 | 1-8 | 42-4) tr. | tr. 0-8 
Deer'*® (Perinephric) | 0-2 | 4-9 | 38-4) 28-6) 2-6 | 0-3 | 2-4 | 16-5 1-2 | 1-0) 3-9 
i 


(c) Estimation of composition of endogenous fat of 200 1b bacon pigs from com- 
parison of weights of fatty acids Geposites with we weights of fatty a acids As fed 


Saturated Unsaturated 


(High plane of nutrition)* 

Separated milk with addition of mixed 
meal — 333 | 210 | 44-6 
(Low plane of nutrition)* 

Skim-milk onlyt 
(Full fed) | 

Skim-milk + maize mealf . .| 0-4 34-7 14-4 | 2-9 47-6 


| Cy Cys | Cis Cis Cys 
| 
Seperated milk with addition of mixed | 
meal oe 359 | 2-1 | 34 40-6 
| 


1-8 295 | 10-9 | 4-9 52-9 


(Full fed) 


* Calculated from data of HtLpitca, LEA and Prprity.“ 
¢t Calculated from data of SHORLAND and DE LA Marg." 
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to consist almost entirely of endogenous fat, or (c) by comparing the weights 
of individual fatty acids in the depot fats with those in the diet. 

It is not possible to raise animals on completely fat-free diets. Traces of 
so-called essential fatty acids (linoleic, linolenic and arachidonic acids) are 
needed for growth as well as for the prevention of scaly skin and caudal 
necrosis. In addition it is difficult to prepare dicts that have been completely 
freed from fat. The evidence in Table 7 generally supports the view that 
endogenous fat contains oleic, palmitic, stearic, hexadecenoic and myristic 
acids. The traces of C,, diene and of C,.-C,, unsaturated acids invariably 
present very probably originate from the diet, though the possibility of some 
synthesis cannot be excluded.'***), (@85) Tt is apparent from Table 7 that endo- 
genous fat varies with different species and with the site of deposition. From 
Tables 7a and 7b the following degree of variation is indicated. 


Myristic 


Palmitic . 24-7--38-4 


Hexadecenoic . 0-8-15-6 
Oleic 


The composition of the endogenous fat seems to be affected by various 
factors. For example, et fed a “fat-free” vitamin E low diet 
to weanling pigs for 75 days. Vitamin E supplementation was found to affect 
markedly the oleic acid content of the body fat. The control animals contained 
63-7 per cent as compared with 68-7-73-9 per cent in the experimental animals 
with added vitamin E. 

The dietary fat appears also to influence the nature of the endogenous fat. 
For example, rats fed on diets rich in palmitic acid deposit less than the normal 
proportions of this acid,“ but the endogenous fats of pasture-fed rabbits and 
horses (see Table 9) contain a higher than normal content of palmitic acid 
(45-8 and 36-3 per cent respectively, calculated from linolenic acid content). 
Rats fed on diets with 3-5 per cent of fat normally deposit fat with 5-8 per cent 
of hexadecenoic acid," but the proportions of this acid may be increased two 
or three times by withdrawing fat from the diet,“ or possibly by means of a 


hypothalamic lesion to induce obesity.'*8”) 


C. The influence of exogenous fat 
There are many experiments to show that the dietary fat may profoundly 
influence the composition of the depot fat. In the extreme cases where the 
diet includes considerable proportions of fat, the fatty acid composition of the 
dietary fat and of the depot fat may become almost indistinguishable. Thus 
rats fed corn oil deposit fats containing similar proportions of fatty acids to 
those present in the diet'*®® (cf. Table 8). Often, however, there are com- 
plicating factors so that the effect of the dietary fat is not so obvious as i4 


310 


3 
| o 
Mols % 


3-0 
9-0 


039 


810 


919 


[to 

[to 

18303 % 8) | (783 12999) 
(err) | 12304) 


| 


(% sprow burpoaf fq yf yodap fo uorprsodwmoo oy) fo 


— 
s 
:| 
$} 
= 
= |_|—___— 
| 
nom 
Sita] 
s | llel 
| 
: | OANA 
Aa 
| 
on 
ow 
3 
| 28 | 
| ~ 
3 
3 
311 
: 


Formation of Animal Fate 


illustrated by the fatty acid composition of fats from rats fed on coconut 
oil.{288 Here there has been considerable deposition of the lower fatty acids 
present in the dietary fat as shown by Table 8, but the proportions of these 
acids in the dietary fat are not paralleled closely by those found in the depot 
fat. The lower saturated acids are evidently preferentially metabolized by the 
animal. 

The first clear recognition of the role of dietary and of “synthetic” fat in the 
formation of animal depot-fat appears to be duc to Cattow." In 1935 he 
suggested that the softness and iodine value of fats in different parts of the 
body of the same animal, or between the same parts of different animals fed 
on the same diets, were determined by the rate of growth. He explained his 
view as follows: “It appears probable that the faster the rate at which fat is 
deposited in fatty tissues, the more saturated the fat becomes. This would be 
expected in view of the fact that fats in such deposits can either be formed 
from fats and oils in the diet, or from carbohydrates by synthesis. Since the 
fats and oils in the dict are limited in amount, the rate of deposition of fat 
may be so great that a considerable proportion of the fat must be synthesized 
from carbohydrate. This leads to an increase in the saturation of the deposited 
fat, because fat synthesized from carbohydrate is relatively saturated, with an 
iodine number of 50 to 60, whereas fat formed from oils in the diet is relatively 
unsaturated, owing to the fact that the oils in the diet usually have iodine 
numbers of over 100.” 

This view bas superseded the earlier temperature theory of HENRIQUES and 
Hanxsen®” by offering an explanation of the variations in iodine value along 
the back fat of pigs. It made it possible to predict the softening effect of 
dictary oils (containing linoleic acid) on pig fats under the usual conditions of 
farm management, and is in agreement with results of Garton, Hi_pitcu and 
Meara") for pigs that had been fed on a special diet containing 50 per cent 
of whale oil. In these cases the acids concerned, viz. linoleic and highly un- 
saturated C,,-C,, acids are not readily transformed or mobilized. On the other 
hand, for certain other fatty acids, including generally those that are built up 
from acetate in the body, CaLLow’s view is no longer applicable because the 
acids concerned are metabolized or transformed and not subject to prolonged 
storage. Difficulties in accepting growth rate as the only factor in controlling 
the composition of depot fats are: 

(a) Contrary to growth rate principles, pigs fed on skim milk (containing 
only traces of low-iodine-value fats) show a similar gradation in iodine value, 
both along the back fat and between the inner and outer back fat, to that 
when softening oils are present in the diet.” 

(6) In the abdominal, gizzard and neck fats of the hen, studied by Hi_prrcu, 
Jones, and Rueap,'* though the fat tissues must have grown at different 
rates, and considerable proportions (about 20 per cent) of linoleic acid were 
present, no appreciable differences in fatty acid compositions were found, 

(c) In some instances the fatty acids from the dietary fat are selectively 
redistributed between the different fatty depots.“ 
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(d) The depot fats of pigs fed on buttermilk and copra do not conform to a 
simple mixture of ‘synthetic’ fatty acids and of coconut oil, but to a modified 
mixture in which the higher-molecular-weight fatty acids of coconut oil have 
been stored preferentially to those of lower molecular weight.'?™ 

(e) Contrary to CaLLow’s view, buttermilk- and copra-fed pigs, which grew 
quickly, as compared with those that grew slowly, showed a lower iodine 
vaiue'?*) and contained more of the dietary myristic and Jauric acids,“ 

The relative absence from the depot fat of the lower fatty acids, even when 
present in quantity in the dietary fat, may be associated with their different 
pathway of absorption directly into the liver (cf. Frazer‘**)) instead of by the 
more usual route for fats. 

Because of the different behaviour of different dietary fatty acids and 
apparent species differences, four types of depot fat may be distinguished: 

(i) A mixture of unchanged endogenous and dietary fat, e.g. in pigs fed on 
a diet containing 50 per cent of whale oil.‘ 

(ii) A mixture of endogenous fat and of dietary fat with the fatty acids 
unchanged in their proportions but interwoven to give new types of tri- 
glycerides, e.g. linolenic acid occurs in pasture mainly as dilinoleno-tri- 
glycerides,°® but in pasture-fed horses as 

(iii) A mixture of endogenous and dietary fat, the latter greatly modified in 
fatty acid composition, e.g. the depot fats of buttermilk- and copra-fed pigs.‘ 

(iv) Endogenous fat almost entirely, the dietary fat having negligible effect, 
e.g. the depot fats of ruminants, which is discussed below. 

From the evidence already considered the following factors appear to 
influence the composition of the depot fat: (a) the amount and composition 
of the dietary fat, (b) the rate of growth of the fatty tissues, and (c) differential 
distribution of the dietary fatty acids between the various fatty tissues. 


D. The relationship between species and depot-fat composition 
(1) Fatty acid composition of the depot fats of pasture-fed animals-—Besides 
the factors already discussed the species of animal influences the degree to 
which the dietary fat modifies the composition of the depot fat. This is illus- 
trated by farm animals in New Zealand. As these are pasture-fed throughout 
the year, with only occasional supplementation with hay, it is possible, without 


a specially designed experiment, to compare the depot-fat composition of 
different animals on a diet that is reasonably uniform in the amount (about 
3 per cent of the dry matter) and nature (mainly linolenic acid) of its fatty 
acids." In Table 9 the results for the fatty acid composition of rye-grass, the 
main constituent of first-class pasture in New Zealand, have been selected as 


representing the dietary fat. 

The influence of the dietary fat on the composition of the depot fat shows 
variations with different animal species (see Table 9). Whereas the rabbit, and 
to a lesser extent the horse, incorporate the C,, triene (linolenic) avid and the 
C,, diene (octadecadienoic) acid from the diet into their depot fats, the depot 
fats of the sheep and deer (ruminants), feeding in the same field, contain no 
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Theory of Evolution and Fatty Acid Composition 


more than traces of these constituents. The theory that the composition of 
the depot fats of ruminants is not substantially affected by the composition of 
the dietary fat is also supported by the earlier work of Tuomas, CULBERTSON, 
and Bearp,‘** who showed that feeding liberal allowances of highly un- 
saturated oils to steer calves over a period of 260 days had no perceptible 
effect on the mean unsaturation of the body fat. 

(2) The occurrence of trans acids in ruminant fats—Although the fats of 
pasture-fed ruminants contain trans acids (3-5-11-2 per cent) (cf. (2), (297), (298)) 
they are absent from those of non-ruminants unless supplied in the diet. It 
was concluded that ruminants possessed a mechanism for the synthesis of trans 
acids since the rumen contents of sheep contained these acids (c. 9 per cent of 
the total fatty acids) whereas their diet (pasture) gave no indication that they 
were present.‘ Reiser‘) has shown that linolenic acid, the main fatty con- 
stituent of pasture, is hydrogenated by bacteria in the rumen. It is well known 
that hydrogenation of unsaturated fatty acids is accompanied by the formation 
of trans isomers, and HARTMAN et al.'*°9 therefore suggested that this process 
is responsible for their formation in ruminants. These facts serve further to 
differentiate between the fat metabolism of ruminants and non-rvminants, 


VI. Turory or anp Fatry Actp 
Hivpitcu and Lovern‘**) in 1936 showed that many close parallelisms existed 
between the kind and proportions of fatty acids combined as triglycerides in 
the depots of animals and their place in the evolutionary scale of development. 


Table 10. Component fatty acids (weight %) in the depot fats 
and Lovern,'***’ 1936) 


Unsaturated 
Paimitic 
C16 C16 C18 C20 C22 

Fish, freshwater ? 13-15 | c. 20 40-45 c.12 05 
Fish, marine. , 12-15 | 15-18 27-30 20-25 8-12 
Whales . 12-15 15-18 3540 156-20 5-10 
Frog | 15 52 15 
Tortoise . 14 65 7 
Lizard . 18 10 56 5 
Domestic fowl . ; 25-26 6-7 c. 60 0-5-1 
Rat 24-28 7-8 c. 60 0-3-0-5 
Pig* 25-29 2-3 50-65 0-3-1 
Ox* 2-3 0-2-0-5 


* Composition revised In accordance with more recent information (¢f. H1Lpitcu,"*” 1947). 


From Table 10 it is apparent that in passing from fats of aquatic animals to 
those of land mammals there is.a marked simplification in fatty acid com- 
position. Whereas the fats of aquatic animals contain invariably the saturated 
acids C,,, and C,,, and C,,, Cyg, Co and unsaturated acids with from 
one to six double bonds, the fats of the terrestrial mammals, as a rule, contain 
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mainly palmitic acid (25-30 per cent) and oleic (C,, unsaturated) with minor 
proportions of other acids. Sometimes as in the depot fats of pigs, sheep and 
oxen, considerable proportions (10-30 per vent) of stearic acid are also present. 

The question has been raised by SHortanD®® as to whether the increasing 
simplicity in the composition of animal fats as one proceeds from the lower to 
the more highly organized forms of life, is due to the species themselves or to 
the fortuitous influence of the diet. 

As already discussed, the depot fats of non-ruminants (in contrast to those 
of ruminants) show changes in fatty acid composition with changes in dietary 
fat. No natural foodstuff is entirely free from fat, and it follows therefore that 
the differences between the fats of pasture and those of plankton are likely to 
account in part for the differences in fatty acid composition between the depot 
fats of pasture-fed animals (cf. Table 9) such as rabbits and horses and those 
of aquatic species (cf. Table 10). For similar reasons aquatic mammals or birds 
deposit fats which resemble those of plankton in containing a whole range of 
fatty acids from C,,-C., whereas land mammals or birds which feed on fats of 
relatively simpler composition, deposit simpler types of fats containing only 
three acids—oleic, palmitic and stearic—as the main components.) 

Although the nature of the dietary fat thus exerts under most circumstances 
a considerable influence on the compositicn of the depot fat, nevertheless, in 
the course of evolution there appears to be discernible changes in the nature 
of fat metabolism of animals. From these changes it is possible to suggest 
subdivisions of animal species in regard to fat metabolism as follows :- (a) species 
that deposit dietary fat only, (b) species that deposit both exogenous and endo- 
genous fat, and (c) species that deposit endogenous fat only. These sub- 
divisions cannot be completely rigid, but they represent an attempt to use a 
biological rather than an empirical basis of classification. 


A. Species that deposit exogenous fat only 
At first the organism, as exemplified by fishes, is apparently unable to 
make fat from the non-fatty (protein) constituents of the diet, but 
derives its fat from the dietary fat. The dietary fat is usually deposited 
in the tissues more or less unchanged, but in some instances the dietary 
fat is modified by hydrogenation as in the liver oil of the shark Scymnorh*nus 
lichia. Here the polyethylenic acids characteristic of the C, -C,, group 
in aquatic species have been replaced by monoethylenic acids, and there 
are produced, in addition, higher fatty alcohols combined as ethers with 
glycerol. The interconvertibility of fatty alcohols and fatty acids 
the rat has been shown by STetren and ScHoENHEIMER®®”), ©°) with the aid 
of deuterium. In other instances, as in the herring depot fats, there is evidence 
that certain groups of unsaturated acids in the diet have been dehydrogenated 
while others have been hydrogenated.5?) In certain fish such as the rat fish 
(Anarrhicas lupus) and the shark (Scymnorhinus lichia) elongation or shortening 
of the fatty acid carbon chain occurs. This results in a deviation from the 
normal marine type of fat.‘25 
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Other variations iu the fatty acid composition of fish oils arise from the 
differential distribution of the fatty acids between the liver and the other fatty 
depots. For example, as indicated by Rapson ef al. fish with their oil con- 
centrated in the liver show normal fatty acid composition of their liver oils. 
Fish with a diffuse oil system in which the liver is not the mair centre of de- 
position show an abnormal fatty acid composition in containing increased pro- 
portions of C,, and C,, unsaturated acids, but correspondingly diminished 
proportions of C,, and of C,, unsaturated acids. Their main fatty depots on 
the other hand may show a normal marine type fatty acid composition. In 
all these changes referred to, however, the pattern of the fatty acid composition 
of the dietary fat is still discernible. 

In special circumstances, when the nature of the dietary fat is changed, so, 
too, is the composition of the depot fat. Grass-fed carp, for example, deposit 
diene and triene acids,“ characteristic of grass lipids, but which are not 
found in the fats of other aquatic species. Similarly, eels fed on fats which 
differ in fatty acid composition from those originally present in their depot fat, 
have been shown to modify their depot fat to resemble more closely that of the 
dietary fat.“ 


B. Species that deposit exogenous and endogenous fat 


In this category are included amphibians, reptiles and non-ruminants which 
use carbohydrate and protein to produce endogenous fat. Such endogenous 
fat consists mainly of palmitic acid, usually c. 27-30 per cent and oleic acid 
with minor proportions of myristic and palmitoleic acid. The content of 
stearic acid is variable (usually less than 10 per cent), and is evidently depen- 
dent on the presence of hydrogenases. The addition of vitamin E to a fat-free 
diet devoid of this vitamin was found to increase the proportions of oleic acid 
in the body fat at the expense of stearic acid.‘*%® 

The compositicn of the depot fat will now depend on the nature and amount 
of the dietary fat and on the rate of growth as suggested by CaLLtow,®* pro- 
vided the diet, as in coconut oil, does not contain lower fatty acids that are 
rapidly metabolized. 

The fatty acid composition of marine mammals shows many unusual 
features, as in baleen whales (cf. Lovern™®). There appears to be less Coo 
and C,, unsaturated acids than are present in typical marine fish liver cils, 
suggesting that the depot fats are no longer derived entirely from dietary fat 
but include endogenous fat. Hydrogenation resuits in the production of mono- 
ethylenic C,, and C,, unsaturated fatty acids as well as fatty alcohols in the 
head and blubber oils of the sperm whale.“ In addition, isovaleric acid 
occurs in substantial amounts in the head and body oils of the delphinidae®® 
(porpoises and dolphins). Thus marine mammals present a complicated pattern 
of fatty acid composition in which the dietary fats have been considerably 
modified. It is therefore difficult to separate the respective roles of the endo- 
genous and exogenous fats in the formation of the depot fat. 
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C. Species that deposit endogenous fat only 

- A further differentiation in fat metabolism is exemplified in ruminant 
species. Here the organism largely loses the power to deposit fat from 
the diet. Carbohydrates, hemiceiiulose, cellulose and protein are broken 
down to volatile acids. The fate of the dietary fat is not preciscly 
known. It may also be broken down by the rumen bacteria or in part 
hydrogenated as in the case of dietary linolenic acid. This leads to the 
formation of miror proportions of trans acids characteristic of ruminant species. 
It is evident that di- and polyethenoid C,,, C,, and C,, unsaturated acids when 
present in the diet are not deposited to any marked degree in the depot fat, 
and the dietary fat has no longer any appreciable influence on the composition 
of the depot fat. The result of the change in fat metabolism is that the depot 
fat now consists almost entirely of endogenous fat with palmitic, stearic and 
oleic acids as the major constituents. However, it has been shown that, if fat 
containing acids with odd numbers of carbon atoms is fed to ruminants, these 
acids are not destroyed but are deposited. A minor proportion of these acids 
is, however, dehydrogenated in the A®-position.‘** This indicates that fatty 
acids which escape destruction or modification in the digestive tract of rumi- 
nants may be deposited in the depot fats as in non-ruminants. It also shows 
the ability of the organism to dehydrogenate fatty acids. 

From the work of ANDERSON” it is apparent that bacilli synthesize lipids 
from non-fatty sources. The lipids are, however, non-glyceridic in nature, and 
contain for the most part, branched-chain fatty acids in contrast to the straight- 
chain even-numbered carbon atom acids characteristic of the rest of animal and 
plant life. 

The changes in fat metabolism during the course of evolution illustrate the 
loss and gain in turn of the capacity to synthesize and deposit fat as the 
organism proceeds from a less specialized to a more specialized form. 
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THE TRIGLYCERIDE COMPOSITION OF 
NATURAL FATS 


R. J. Vander Wal* 


One of the characteristics of the natural fats is the wide variation in physical 
properties to be found among members containing the same or similar fatty 
acids. Much of this variation is the result of differences in the proportions of 
the constituent acids, but these differences are not the only cause. For instance, 
the constituent fatty acids of cacao butter and mutton tallow each include 
about 60 per cent of saturated acids. Cacao butter contains about 35 per cent 
of C,, and 25 per cent of C,, saturated acids whereas mutton tallow contains 
approximately 30 per cent of C,,, 25 per cent of C,, and 5 per cent of C,, satur- 
ated acids.‘ In spite of the fact that mutton tallow contains less C,, and more 
lower melting C,,-C,, acids, its melting range is much higher than that of cacao 
butter. There is, however, over ten times as much GS,f in mutton tallow as 
there is in cacao butter and the presence of such a large proportion of high- 
melting triglyceride accounts for the higher melting range of mutton tallow. 
In this instance the compositions of the component glycerides play a dominant 
role in the determination of melting ranges of the fats. 

Another important characteristic of the natural fats is the remarkable con- 


stancy of physical properties shown by samples of the same kind of fat derived 


from various sources. Most samples of lard, for instance, melt (liquefy){ be- 
tween 33°C and 46°C, have saponification values between 190 and 202, and 
iodine values between 53 and 77. The corresponding values for coconut oil are: 
melting point, 23°C to 26°C; saponification value, 250 to 264; and iodine value, 
7-5 to 10-5. For menhaden oil the saponification value usually lies between 189 
and 193 and the iodine value between 148 and 160. 

The relative constancy of the physical properties of these natural fats indi- 
cates that the structure and constitution are constant, regardless of source, 
within certain fairly definite limits. It indicates also that the same regulating 
circumstances exist in each individual member of the species of plant or animal 
producing the fat, and that these vary to only asmall extent bet ween individuals. 


* Armour and Company, Chicago, Illinois. 
t The following abbreviatiuns will be employed in the text: 
G—Glycery] radical. 
S—Saturated acid{s) or saturated acid radical(s) according to context. 
U—Unasaturated acid(s) or unsaturated acid radical(s) according to context. 
A—Azelaic acid radical unless otherwise identified. 
t Natural fats being mixtures do not, properly speaking, have a single definite melting point. 
The melting point is really the temperature at which the fat becomes completely liquid, by solution 
as well as by actual melting. 
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The Even Distribution Theory 


What are the patterns of glyceride-typo distribution in the various natural 
fats? How are individual fatty acids distributed among these types, and what 
regulating mechanisms determine the compositions of the natural fats? The 
answers to these questions are difficult to find, but because of the developing 
interest in adaptation and synthesis of fats for specific purposes they are im- 
portant. This chapter is devoted to a discussion of modern theories of the 
glyceride structure of fats with particular emphasis on the most recent one, the 
“restricted random distribution” theory of Karna. 


I. Tae Even Distrisvution THrory 


The first of the modern theories of the glyceride structure of fats was that which 
resulted from the extensive and enormously useful studies of Hitprrca and 
his co-workers. From their investigations was evolved the well-known theory 
of “even distribution” of fatty acids among the molecules of natural fats. 
According to this theory the component fatty acids in a natural fat tend to be 
distributed as far as possible among all the triglyceride molecules. The 
“phenomenon of even distribution” was recently stated by Hitpircu' as 
follows: 

“I. When a given fatty acid A forms about 35 per cent (mole) or more of 
the total fatty acids (A + X) in a fat, it will occur at least once, G(AX,), in 
practically all the triglyceride molecules of the fat in question. 

“2. If it forms from about 35 to about 65 per cent (mole) of the total fatty 
acids (A + X), it will occur twice, G(A,X), in any given triglyceride molecule 
in some instances, and of course more frequently the higher the proportion of 
this acid in the total fatty acids. 

“3. If it forms 70 per cent or more of the total fatty acids, the remaining 
fatty acids (X) can at most only form mixed glycerides G(A,X), and the excess 
of A then, and broadly speaking then only, appears as a simple triglyceride, 
G(Ay). 

“4, A minor cemponent acid which forms much less than about a third of 
the total fatty acids (e.g. 15 per cent or less), will not occur more than once in 
any triglyceride molecule (and, of course, not at all in many of the triglyceride 
molecules).” 

Although the rule holds, at least approximately, for vegctable fats, it is not 
applicable to the structure of animal body fats rich in stearic acid such as those 
of sheep and oxen. Nevertheless, Banks and Hip:rtcx‘*) have advanced the 


opinion that even these fats may have been originally synthesized according to 
the rule of even distribution. According to this hypothesis the fats first syn- 
thesized are oleoglycerides which are preformed in accordance with the principie 
of even distribution. These more highly unsaturated fats are then partially 
hydrogenated to produce the characteristic, more saturated glycerides of the 


stearic-rich animal body fats. 

Aside from all other considerations the Hitprren theory of the glyceride 
structure of fats has a great weakness, in that it suggests no mechanism by 
which the fatty acids are distributed evenly among the triglyceride molecules. 
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IL Tre Ranpum DisterscTion TuEeory 


LuSGENECKER™ and Norris and Matti have expressed the opinion that 
animal fats may conform to a random distribution pattern, and Dean has 
pointed to an indication that in the fats of the larger land animals the fatty 
acids are united indiscriminately with glycerol molecules. Banks and Hi 
pitcu™) believe that even these fats may have been synthesized originally 
according to the even distribution pattern, as was stated earlier. There is 
experimental evidence that some fats, such as the stearic-rich anima! fats, the 
milk fats and some vegetable fats do conform nearly to a random distribution 
nattern. Norris and Matrit suggest that there may be a basic difference 
between the synthetic action of plant and animal enzymes, whereby the fatty 
acids in animal fats are distributed essentially at random whereas those in 
vegetable fats are distributed otherwise. 

If it be assumed that in animals the enzymes responsible for the synthesis of 
the triglycerides are capable of promoting either ester-interchange or a state 
of equilibrium between the fatty acids and glycerol on the one hand and the 
triglycerides and water on the other, random distribution of the fatty acids 
in the stearic-rich animal fats could be readily explained because no other state 
of distribution could exist under such circumstances. The two-step process 
suggested by Banks and Ilmpitcu whereby preformed oleoglycerides are 
converted to the final mixture by partial hydrogenation seems less likely to 


result in random distribution. 

Norris and Matrim suggest no mechanism for the specific action they 
attribute to plant enzymes. They also do not explain why in some vegetable 
fats, such as nutmeg butter or dika fat, the fatty acids may be distributed 


approximately at random as in the animal and milk fats. 
The random distribution pattern obviously cannot be applied to the stcucture 
of fats in general, and the supplementary hypothesis of a difference in action 


between plant and animal enzymes seenss somewhat inconsistent. The reader 
is referred, for further discussion, to the excellent review of this and some other 
theories by DEvEL.'® 


Ill. THe Partisan Raxpom DistrisuTion THEORY 


Dorrscuvk and Davpert'” have recently presented good experimental evi- 
dence that the constituent triglycerides of corn oil conform to neither the even 
nor the random pattern of distribution. They find that their experimental 
values, which were determined by a crystallization procedure, conform more 


nearly to what they designate as a “partial random” pattern. 

According to this scheme the pattern of even distribution is modified to 
include the occasional appearance in the same triglyceride molecule of two 
molecules of a fatty acid present in a concentration of less than 33 per cent of 
the total acids. Acccrding to the even distribution plan only one could be 
present under these circumstances in any triglyceride molecule. Furthermore, 
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The Restricted Random Distribution Theory 


contrary to the even distribution pattern, acids constituting 33 to 67 per cent 
of the total acids need not necessarily be present in every molecule of fat, 
according to the partial random theory. 

According to the partial random pattern corn oil can contain 14 constitution- 
ally different triglycerides, whereas only 6 are postulated by the even distri- 
bution theory and 20 by the random theory. DorrscuuKk and DatBert were 
able to separate their samples into 19 fractions by low-temperature fractiona- 
tion. The glyceride structures of these fractions were calculated on the assump- 
tion that each contains only two adjacent glyceride types, such as GS,-GS,U0 
or GS,U-GSU,. Combinations of the various calculations gave the giyceride 
structure of the fat. 

The values calculated according to the partial random pattern agree well 
with those determined experimentally. Values calculated according to either 
the random or the even pattern do not agree so well. As Deve'*® has noted, 
of the 9 triglycerides postulated acconiing to the partial random theory and 


not postulated by the random theory, 7 have been found in almost theoretical 


amounts by Doerscuuk and DavBERT. 
Although the experimental evidence fits the proposed scheme of distributio 
very well in this case, acceptance of the partial random pattern of glyceride 
distributicn as one of the major patterns must await its application to other 
fats. No mechanism accounting for the final mixture of glycerides has been 


postulated. 


IV. Tue Restricrep Ranpom DistrisuTion THEORY 
The most recent theory of glyceride-type distribution is that proposed by 
Kartaa.'®) Stated simply, Kartua’s restricted random distribution theory 
is as follows: 

1. GS, can be present in each kind of animal or plant fat to the extent only 
that it can remain fluid in vivo. 

2. In vivo the fatty acids are distributed at random among the four glyceride 
types GS,, GS,U, GSU,, and GU, provided the proportion of GS, thus produced 
can exist in the liquid state. 

3. When the proportion of GS, which can exist in a liquid state in vivo is 
less than that which may be produced by unrestricted random distrivution, 
the fatty acids are nevertheless distributed strictly according to chance among 
the glyceride types. The chance values will, however, vary according to the 
quantity of GS, present. 

Kartua has formulated a rule for calculating the glyceride-type distribution 
of any natural fat from the S and GS, contents. These values are percentages 
which can be determined in any particular sample of natural fat, and according 
to the theory all other proportions follow by the laws of chance. 

He has determined the proportions of the four glyceride types in 27 natural 
fats by an improved method of analysis.'* ® Both experimental! and calculated 
values are shown in Table 1. The agreement between these values is remarkably 
close, in general. 
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V. ExpERIMENrAL DETERMINATION OF THE GLYCERIDE-TYPE 
DISTRIBUTION OF NATURAL Farts 


Kanrua has restricted bis theoretical consideratica and experimen . . to 
the four types of triglycerides, GS,, GS,U, GSU,, and GU;. No attempt has 
been made to subdivide these classes according to chain length, degree of un- 
saturation, or position of the substituents. His theories and calculations are 
based on the assumption that animal fats in vivo and vegetable fats during, at 
least, the ripening stage, are in a state of dynamic equilibrium witk exchange 
of the fatty acids going on constantly, resulting, according to KakrHa, in 
random distribution except under specific circumstances. 


a. General procedure 
The general procedure by which Kartua has determined the distribution of 
the four glyceride tynes is as follows: 

1. The sample is oxidized to produce a mixture of azelaoglycerides (glycerides 
containing azelaic acid, the oxidation product of unsaturated acids, in the 
places previously occupied by the latter). Each azelaic group contains a free 
carboxyl group and can therefore form salts with metals such as magnesium. 
Any GS,U, GSU,, and GO; originally present then, is converted to GS,A, 
GSA,, and GA,, respectively. Any GS, present will, of course, not be oxidized 
because it contains no unsaturated acid groups. 

2. The GS,A is precipitated quantitatively as the niagnesium salt. The pre- 
cipitate is contaminated with the magnesium salt of GSA, and contains all the 
GS, originally present in the sample. The weight of the GS,, determined 
separately, is deducted from the weight of the precipitate, leaving only GS,A 
and GSA,. The percentages of each of these can be calculated from their total 
combined weights, the total weight of the S, and the mear. molecular weight 
of the latter, all of which must be determined. 

3. The fatty matter contuining the remainder of the GSA, and all of the 
GA, is recovered by acidification and extraction from the soluble magnesium 
salts in the filtrate. All the S in this fraction is present as GSA,, and the pro- 
portion of the latter can be calculated from the weight and mean molecular 
weight of the S. This portion of GSA, is added to the weight of that found in 
the insoluble fraction to give the total weight of GSAg. 

4. The proportions of the parent compounds GS,U and GSU, can now be 
calculated from the known weights of GS,A and GSA,. It is assumed that the 
U is oleic acid unless the mean molecular weight of the U is known. 

5. The proportions of GS,, GS,U, and GSU, are deducted from the original 


sample, leaving the proportion of GU, present therein. 


6. The oxidation procedure 
A key factor in the development of the Kartha theory of restricted random 
distribution was the early discovery‘. ‘? that the azelaoglycerides are suscep- 
tible to hydrolysis by alkalies, thereby producing neutral compounds which 


separate with the G§,. 
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In the method for the determination of GS, described by Hmprtcu, the un- 
saturated molecules are oxidized to azelaoglycerides by means of powdered 
potassium permanganate and dry acetone. Some alkali is produced in the 
course of the reaction, and in later manipulations alkaline solutions are em- 
ployed. Consequently, according to Karrua, determinations of GS, by this 
method are likely to be erroneous because the neutral hydrolysis products of 
the azelaoglycerides separate with, and are determined as, GS,. 

The evidence presented by Kartna‘®?, for the inaccuracy of the Hilditch 
procedure consists of three experiments in which fats, the constitution of which 
was satisfactorily established, were oxidized by this method and the resultant 
products examined. In each case the results indicated that azelaoglycerides 
were actually decomposed by hydrolysis. 

There is further evidence that the method used by Huxprrcn for the estima- 
tion of GS, in fats is not entirely accurate. Only traces of GS, could be detected 
by crystallization procedures in cacao butter®® and Borneo tallow,“ whereas 
Hivpitcu and colleagues reported 2-5 per cent of GS, in cacao butter“ and 
5 per cent in Borneo tallow.“ In animal! tallows, RirMENSCHNEIDER ef al, 
and Karraa'®). found that GS, values by crystallization are appreciably 
below chance values, sometimes by as much as 5 to 8 per cert, whereas values 
reported by Hinpitcu and colleagues‘ “5 are generally 2 to 5 per cent higher 
than chance values. Karrsa"® found that it is possibie to calculate the GS, 
contents of C,,-C,, fats directly from the saturated-acid content and the 
melting points of the fat and its mixed acids. In many cases the GS, content 
so determined is different from that determined by the method of Hixprircs, 
whereas it invariably agrees with values obtained by crystallization. 

The remedy for the defect in the earlier oxidation procedure is simple.™ It 
consists merely of adding and maintaining a small excess of acetic acid during 
oxidation* and avoiding drastic treatment with alkalis during the separation 
steps which follow. 

The accuracy of the new procedure was tested in two experiments in which 


samples containing known quaiutities of GS,U were oxidized. The amount of 
GS,A which was found was almost identical with the theoretical quantity in 


each case. 
KaRTHA appears to have established with a reasonable degree of certainty 


* Details of the oxidation procedure are as follows"): 

Five gramunes of the fat are dissolved in 200 cc of acetone, and 12 ce of glacial acetic acid (sufficient 
to combine with all of the potassium in 31 gm of KMnO,) is added. The oxidation is carried out 
according to the Hilditch procedure except that after each 16 gin of KMnO, has been added, 6 ce of 
acetic acid is also added. Thus the concentration of acetic acid is alw ays between about 3 and 6 per 
cent. When the reaction slows, it is continued at the boiling point on a water bath. When the perman- 
ganate colour disappears very slowly, as when | gr is not decolorized on boiling for 45 minutes, the 
oxidation is stopped. Usually by this time, 8 to 10 gm of KMnO, per gramme of fat will have been 
added. More would have been required for drying oils. 

The rcetone is removed by dis*i lation, the last traces being eliminated with reduced pressure, by 
mneans of a water pump. About 150 ce of water is added and the mixture is heated on a water bath 
with agiiation until the mass breaks up into a suspension. The manganese dioxide is then dissolved 


resultant clear layer of fatty matter is separated by extraction with ether. The extract is washed free 
from mireral acids and the ether is removed. 
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that earlier analyses in which the GS, content was determined by the Hilditch 
oxidation procedure are subject toerror. It also appears that he has found a 
more accurate method for oxidation of unsaturated fats. He does not use this 
procedure, however, for the determination of GS, but for preparation of the 
mixture of azelaoglycerides to which he later applies his separation process. He 
determines the GS, by another method. 


c. The determination of GS, 


The GS, content was determined separately, by the fellowing procedure. 
The sample is dissolved in 3 em* of dry acetone per gm of fat, and the solution 
is held at 25° te 26°C for three days. The precipitate is filtered and washed with 
a little acetone at the same temperature. It is then dried under reduced pressure 
and recrystallized from acetone under the same solvent-ratio, time, and tem- 
perature conditions. The vacuum-dried residue is weighed and the iodine and 
saponification values are determined. From these values the amount of un- 
saturated acid, as oleic acid, and also the mean molecular weights (W.M.W.) of 
the S are calculated. From all the data and under the assumptions that the 
precipitate contains all of the GS, in the sample, that it consists only of GS, 
and GS,U, and that the S in both has the same M.M.W., the proportions of 
GS, and GS,U are calculated. 


d. Separation of the oxidation producte and treatment of the fractions 
The products of oxidation cannot be separated satisfactorily, according to 
Karraa, by means of their differing solubility in sodium bicarbonate solution 
because of the solubility of GS,A.“7) When a dilute solution of bicarbonate is 
used to minimize this solubility the tendency for nonanoic acid to remain 


behind increases. 

KartTua found that the reported insolubility of the magnesium salts in 
water") js only partially correct. Magnesium triazelain is soluble to not less 
than 3 to 4 per cent in water at 20°C; the magnesium salts of GSA, show an 
appreciable though more sparing solubility, whereas the magnesium salts of 
GS,A containing the higher acids are insoluble in water at 30°C. 

Based on these findings the following method for separation of the oxidation 


products has been adopted.’ 

The oxidation product from 5 gm of fat is suspended in about 200 cm? of 
water (30°C) and a few drops of phenolphthalein are added followed by 5 per 
cent sodium carbonate solution until the solution is just alkaline. The volume 
is made up to 500 cm? with water (100 cm’ per gm of fat oxidized), and 30 cm® 
of 10 per cent ammonium chloride solution is added and the solution mixed 
well. Finally 15 per cent magnesium sulphate solution is added until no more 
precipitate forms. The precipitate is allowed to settle for 5 to 10 minutes, is 
filtered on fluted filter paper, and is washed four times with 30 to 40 cm® por- 
tions of water. It is then transferred quantitatively to a flask and heated on a 
water bath with dilute sulphuric acid until all the magnesium salts are decom- 
posed and a clear oily layer separates. The mixture is then cooled and extracted 
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with ether, and the ether solution is washed free of mineral acids. The ether is 
removed and the residue is heated to constant weight under reduced pressure. 

The product is hydrolyzed with alcoholic KOH, and the isolated acids are 
subjected twice to magnesium salt precipitation as in the Bertram method for 
determining saturated acids. The weights, iodine values, saponification values, 
and melting points of the separated acids are determined. 

The combined filtrates are acidified and the acidic fractions are extracted 
with ether, which is removed by evaporation. The residue is hydrolyzed with 
alcoholic KOH and the higher saturated fatty acids are separated by BERTRAM’ 
method. Their weights, melting points, and saponification values are deter- 
mined. 

From the accumulated data and the GS, content as determined separately, 
the glyceride-type composition is calculated. The method of calculation will be 
given in the next section. 

The method of separation is applicable only to fats containing mainly fatty 
acids of 16 or mere carbon atoms, to which the Bertram separation can be 
applied.“ 


e. Detailed method of calculation of glyceride-type distribution 


The method of calculation essentially as described by KarnrHa™ is as follows: 

The fatty matter recovered from the precipitated magnesium galts will con- 
tain all the GS, originally present in tne fat, any unoxidized GS,U,* all the 
GS,A, and usually a variable amount of GSA,. The weight of the GS, present 
in the fat sample, found independently, and that of the unoxidized GS,U are 
deducted from the total. The balance consists of GS,A and GSA,. 

The weight of unoxidized GS,U (W,) is calculated from the mean molecular 
weight (M) of the S found in the precipitated magnesium salts, anc the weight 
of the unsaturated acids (W,), «ssumed to be oleic, in the same fraction. 


2M + 282 + 38 
wy, CM + 282 + 38) 


The values of M and W, and the weight of the S in the precipitated mag- 
nesium salts are calculated from the weight, saponification value, and iodine 
value of the acids separated from the latter, as described in the previous section. 

The combined weights of the GS,A and GSA, and the weight and mean 
molecular weight of the S in the fatty matter recovered from the precipitated 


magnesium salts are now known. The weight of the S in the whole mixture 
minus the weights of the S present as GS, and unoxidized CS,U gives the 
weight of S present in the mixture of GS,A and GSA,. From these data the 
percentages of GS,A and GSA, can be calculated. It is assumed that the S in 
both has the same M.M.W., which has been found to be true in a large number 
of fats.{). 47) 


* This fraction should contain any GSUA present in the oxidation product. It is assumed, how- 
ever, that none is present. The close agreement between experimental and calculated results (Table 1) 
indicates that the assumption is correct. 
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From the weights of GS,A and GSA, found in the precipitated magnesium 
salts, che weights of the GS,U and GSU, from which they were derived may be 
calculated. It is assumed that the U is oleic acid. If the M.M.W. of the U in 
the fat is known, this value may be substituted. The weight of GS,U thus 
obtained is added to the weight of the unoxidized GS,U to give the total weight 
of the GS,U in the original fat sample. 

The filtrates from the precipitated magnesium salts contain part of the GSA,, 
the remainder having been precipitated with the insoluble fraction. The weight 
of the S in the recovered fatty material from the filtrates is determined by 
isolation of the fatty acids by the procedure described in the previous section. 
It is present in the filtrate entirely as GSA, and from its weight the weight of 
the GSA, can be calculated. The weight of GSU, from which the GSA, was 
derived can be calculated from the result. The total GSU, in the fat is the sum 
of that found in the soluble and insoluble fractions of the magnesium salts. 
The per cent of GU, is found by difference. 

The total S in the fat is the sum of that found in the GS,, GS,U, and GSU, 
fractions. It can be determined also by Bertram separation of the acids pro- 
duced by hydrolysis of the product of acetic acid-permanganate-acetone oxida- 
tion. It is also the sum of that found in the fatty matter recovered from the 
soluble and insoluble magnesium-salt fractions. 

The amount of fat required for glyceride-type analysis by this method is 
small. The time required is also relatively short. Duplicate determinations 
rarely show more than 0-5 per cent difference in the GS,U content. 

The results of application of the method to the glyceridc-type estimation of 
27 fats of saturated acid content varying from 8 to 99 moles per cent are shown 
in Table 1. 


Kartua’s rule for calculation of the glyceride-type distribution of natural fats from 
the S and GS, content 


Tabie 1 shows the results of the analysis of 27 natural fats ky KarTHa’s oxida- 
tion and separation methods. It also shows the results of calculation of the 
glyceride-type distribution from the S and GS, content. These calculations 
were made in accord with a rule which will be stated later in this section. 

In Table 2 are prese..ted the apparent glyceride-type compositions of 
46 natural fats, calculated by Kakrua from crystallization data, according 
to the procedure of HitpircH and Meara."”) The data are from various 
sources,"*4), (22)-(53) Tn many cases the mole per cent of saturated acids (Sm) 
reportedly found by analysis does not agree with the glyceride-type com- 
position found b; calculation from fractional crystallization results; in such 
cases the mole per cent of S has been calculated from the results of glyceride- 
type analysis by the latter method. 

In Table 2 are given also the results obtained by treatment of the same data 
according to the new rule for calculation of glyceride-type distribution, which 
will be presented later in this section. These results were calculated from the 
reported GS, contents and the reported or calculated S contents. 
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Table 2. Glyceride-type composition of natural fats by fractional 
crystallization methods* 


- 


The Triglyceride Cemposition of Natural Fats 


Fat 


Almond oil'?”’ . 
Safflower seed oil‘??? 

Niger seed oil'*” 
Tobacco seed oil'*® 

Gray seal oil'*® 

Peanut oil‘? 
Neats foot 

Herring oil‘??? 

Cottonseed oil I'**) 

Sacred baboon fat'?”? 
Cottonseed oil IT 

Whale oil'* 

Neem oil?) 

Sapota oil? 

Ceylon bear fat'*” 

Lard" 
Minusops hekelii fat'*” 
Mowhra oil'**) ‘ 

Palm oil, Grand Bassa" 
Pig external?) , 

Shea butter'*®) 

Lophira alata fat” ‘ 
Hodgsonia capniocarpa 
Garcinia morella fat'*” 
Kangaroo fat‘? 

Ewe external‘) 
Palm oil, Belgian Congo‘. 
Mangifera indica'*” 

Pig perinephric‘”? 

Palm oil, Cameroons®*® 
Shorea robusta fat'*») 
Allanblackia etuhlmannii'*® 
Allanblackia parviflora‘? 
Vateria indica fat'*® . 

Ewe perinephric'*® 

Beef tallow“ 

Garcinia indica fat'*) 
Heifer, English“ 
Ailanblackia floribunda‘? . 
Cacao butter". 

Phulwara butter‘) 

Borneo tallow'®?) 

Ox depot fat, Calicut 

Ox depot, Bombay'**? 


| S (mole %) 


Found by fractional 


crystallization (mole %, 


Calculated present 


hypothesis (mole %) 


GS, GS, 


U GSU, 
17 


12 


GS,U GSU, GU, 


1 
1 
2 
6 
6 
8 
10 
12 
13 
14 


te to te te ty 
n 


ue 
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* Adapted from KarTsa'™’, Numbers in parentheses are references. 
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-| 31 — 19 56 26 44 31 
7 32 44 30 
| 34 — 8 8% | 45 27 
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| 26 54 «(18 | 44 23 
| 42 | 34 55 10 41 16 
43 28 0 m +40 16 
| 45 41 43 42 39 25 4 
46 | 32 60 42 39 14 
| 46 | 36 55 43 39 «14 
37 62 | 49 37 13 
i 50 | 60 25 Mm | 55 34 
50 46 51 55 34 
| 51 48 | 59 «32 
; | | 42 53 | 52 34 
-| 51 44 61 52 34 
24 «61 38 
| 652 | 43 45 48 43 #1 
| 55 54 32 55 31 
63 34 66 27 
56 | 66 33 70 
| | 66 32 70 
| 58 | 69 29 72 «(24 
48 38 52 28 
46 37 | 51 28 
59 76 (21 77-20 
62 81 17 83 15 
61 77,2 80 17 
| 62 | 69 23 | 72 «#18 
79 «16 | 79 16 
69 | 23 52 20 53 
j 75 | 36 | 
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KakTHA’s restricted random distribution theory has been stated earlier in 
this chapter. Because it is based on the laws of probability and measurable 
quantities it is susceptible to mathematical treatment. Karrua has stated a 
rule‘®), (2° based on the above-mentioned theory, by which the glyceride-type 
distribution of any natural fat can be calculated from the percentages of S and 
GS, present in the fat. The rule follows: 


The glyceride-type composition of any natural fat is that obtained by 
interchange according to chance of one-third of the saturaied acids 
represented by the difference between the GS, content required by chance 
and that actually present with the unsaturated acids in the fat, without 
allowing the formation of any further GS,. 


The method of calculation as stated by Kartrua™ follows: 

Let the amount, in units per cent, of S substituting for U in GSU, be a, and 
that substituting for U in GU, be 6. Then the amount of GSU,, converted to 
GS,U, is equal to 3a. Similarly 35 moles of GU, may be assumed to be con- 
verted to GSU,. The substitution of U by S in GU, will give rise to a small 
amount of GS,U also, but this may be disregarded for practical purposes. The 
factor (GS, chance — GCS, actual) is, in effect, entirely converted to GS,U by 
this interchange. Hence the final composition of the fat will be as follews: 


GS,U actual = GS,U chance + (GS, chance — GS, actual) + 3a 
GSU, actual = GSU, chance — 3a + 36 
GU, actual = GU, chance — 3b 
GS, actual has been found by experiment 
Kartua illustrates the application of the method of calculation by the 


following example. 
The acid components of a sample of low-melting vegetable fat containing 


zero mole per cent of GS, have been shown to contain 50 mole per cent of 
saturated acids. What is the mole per cent of each of the four glyceride types 
GS,, GS,U, GSU,, and GU, in the mixture, according to the rule stated 


previously ? 

If the S were distributed at random, the glyceride-type content would be 
12-5 per cent GS,, 37-5 per cent GS,U, 37-5 per cent GSU,, and 12-5 per cent 
GU,. Actually no GS, has been found, so the difference between GS, chance 
and GS, actual is i2-5 per cent. 

Acccrding to the rule, one-third of the saturated acids in this quantity of 
GS, will be interchanged according to chance with unsaturated acids in the fat 
without fermation of more GS,. In other words, 12-5/3 = 4-2 mole per cent of 
S from GS, is interchanged, according to chance, with an equivalent quantity 
of U present in the chance values of GSU, (37-5 per cent) and GU, (12-5 per 
cent). The U in GS,U will not be replaced since this would result in formation 


of more GS,, which is contrary to the rule. 
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Two-thirds of the component fatty acids in GSU, are unsaturated, so the un- 
saturated acids represented by the chance value of GSU, (37-5 per cent) com- 
prise (37-5)(2)/3 = 25 per cent of the total fatty acids in the sample. Similarly 
the unsaturated acids represented by the chance value of GU, (12-5 per ceat) 
comprise 12-5 per cent of the total fatty acids in the fat. The ratio of the 
unsaturated fatty acids in GSU, chance to those in GU, chance is therefore 
25 : 12-5 or 2:1, and the 4-2 per cent of S will be distributed in that ratio. 
Therefore, 2:8 of the 4-2 per cent of S will replace one U in GSU, and 1-4 per 
cent will replace one U in GU . These are values a and 6 in the formulae given 
earlier. Theoretically (1-4)(100)/12-5 or about 12 per cent of U present in GU; 
chance is interchanged with S. Therefore (12)(12)/(100)(100), or about 1-5 per 
cent of the total GU, molecules are converted to GS,U instead of to GSU,. 
This quantity represents only (1-5)(12-5)/(100)(100), or 0-17 per cent of the total 
quantity of fat and can be ignored. 

The glyceride composition is finally calculated by substitution in the formulae 
as follows: 

GS, = zero (by analysis) 
GS,U = 37-5 + 12-5 + (3)(2-8) = 58-4 mole per cent 
GSU, = 37-5 — (3)(2-8) + (3)(1-4) = 33-3 mole per cent 
GU, = 12-5 — (3)(1-4) = 8-3 mole per cent 


The results of many such calculations are shown in Tables | and 2. It is 
evident from Table 1 that there is a high degree of correlation between KaRTHA’s 
experimental results and those calculated from the S and G8, content according 
to Karrua’s rule. Assuming that the experimental results are correct, the 
startlingly close correlation between experimental and calculated values con- 
stitutes strong evidence of the correctness of Kartua’s theory. Both calculated 
and experimental values differ markedly, in most cases, from the values cal- 
culated according to the rule of even distribution. There is general disagreement 
between the results calculated from fractional-crystallization data and those 
calculated from the given S and GS, contents according to Kartua’s rule. 

The following characteristics of the data in Tables 1 and 2 have been noted 
by Karrna. Slight changes have been made in the text: 


1. Throughout almost the entire series, values for GS,U and GU, are 
higher than those calculated from crystallization data or according to the 
rule of even distribution, whereas those for GSU, are lower. In cases where 
the amount of GU, present is small, results agree well with those derived 
from crystallization data. 

2. Whereas crystallization data do not show the presence of any GS,U in 
oils with a saturated-acid content of less than 22 mole per cent, Karrua’s 
results show that GS,U is present, and with an S content between 12 and 
22 mole per cent the proportions of GS,U are considerable. 

3. The Karrna results show that in oils with an S content less than about 
30 mole per cent, where GS, according to chance would be less than 2 to 3 
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per cent, the proportions of all the glyceride types are approximately those 
required by chance, regardless of biologic source or fatty-acid composition. 

4. In oils and fats with very small GS, contents, the resalts obtained by 
KarTHA show a progressive increase in the GS,U content with increase in 
saturated acid content until the latter reaches about 66-6 per cent. No such 
regular increase in GS,U content is shown by the results derived from ecrystal- 
lization data, whick frequently give widely differing GS,U values for fats of 
the same GS, and §S content. 

5. Until the unsaturated-acid content falls below about 45 mole per ceuit, 
the GU, values found by the Karrua procedure agree closely with chance 
values. Where the unsaturated-acid content falls below this level, the GU, 
values tend to be lower than chance values by an amount dependent on the 
difference between GS, chance and GS, actual. No such results are found in 
the calculations from crystallization data. These data frequently show widely 
differing GU, contents for oils and fats with the same unsatrrated acid 
content. 

6. According to the rule of even distribution the GSU, content of a fat can 
be 100 per cent. Crystallization data have indicated values as high as 87 per 
cent, although generally they indicate values above about 55 mole per cent 
for fats containing 19 to 48 mole per cent of saturated acids (Table 2). The 
resnits obtained by Karrua (Table 1) show no values for GSU, content 
higher than 48 per cent. Further, as with GU;, the GSU, values agree closely 
with chance requirements until the unsaturated acid content falls below 
about 45 mcle per cent. Below this, they tend to be lower than chance 
values by an amount dependent on the difference between GS, chance and 
GS, actual. 

7. Kartua’s results show that when GS, actual is about the same as GS, 
chance, the values for all the other glyceride types a'so agree well with those 
required by chance. No reliable case has been found where GS, actual is 
higher than GS, chance. When GS, actual is lower than GS, chance the 
values for all other types also differ from chance values. GS,U, GSU,, and 
GU, values always differ in the same way from chance values when GS, 
actual is less than GS, chance. There is always an increase in the GS,U 
content to above chance values and decrease in the GSU, and GU, values to 
below chance values. These relationships are not evident among the results 
derived from crystallization data. 


The observations are in agreement with the restricted random theory and 
with Kartua’s rule for calculation of glyceride-type distribution. They con- 
stitute further evidence for the correctness of the theory. 


VI. Facrors GovERNING THE CONTENT OF FULLY 
SATURATED TRIGLYCERIDES 


If the fatty acids in natural fats are actually distributed at random except for 
the restriction which may be imposed through limitation of the GS, content, 
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why is it that in some cases the restriction occurs while in other cases it does 
not? A mechanism must exist whereby the GS, in some fats is limited to less 
than chance proportions, whereas in all others, according to Karrua, it is 
limited only to the quantity which can be produced by completely random 
distribution of all the fatty acids. ‘ 

KartTHA has advanced a simple explanation which is in accord with several 
basic facts and is supported by a considerable amount of evidence taken from 
existing literature. 

According to Karrua’s hypothesis the reason why GS, is restricted to less 
than chance values in some natural fats is that it (and all other glyceride types) 
can be present in vivo only to the extent that it can remain in a liquid state 
and that in the fats in question the limit of fluidity is below the chance value. 
No more GS, can, therefore, be present since any increment would be solid. 
Any excess § in the fat must then be distributed among the remaining glyceride 


types, which being more unsaturated and hence lower melting and more soluble 
can exist in larger proportions in the liquid state. 

When the quantity of GS, which can be formed by complete random dis- 
tribution can remain liquid in vivo, this and all other glyceride types will be 
present in chance proportions. If, on the other hand, the circumstances in vivo 
are such that less GS, can exist as a fluid in the fat, then the fatty acids will 
still be distributed according to chance, but the chance values will vary 
according to the quantity of GS, present. 

If Karrua’s hypothesis is correct and glyceride-type distribution is depen- 
dent on the extent to which GS, can remain in a fluid state in the fatty sub- 
strate then the proportions of GS, in fats should increase as its nature and that 


of the substrate increasingly favour its existence as a fluid. To put it another 
way, the greater the tendency of the GS, to become fluid the more of it should 
be found in a natural fat. 

The extent to which GS, can remain in a fluid state in natural fat in vivo 
is dependent, according to KarTHa, on at Jeast two factors. These are (1) the 
chain length of the GS, and (2) the melting point of the GS. 

It was shown by Karrua” that the “melting point’? (maximum limit of 
the melting range) of a mixture of a particular GS, in a particular non-GS, 
triglyceride substrate is a function of the GS, content. The greater the pro- 
portion of GS, the higher is the melting point. This demonstrates that solid 
GS, becomes liquid by solution in the substrate and not by melting. The 
solubility of the GS,, according to Kartua, depends partly on its melting point. 

Karraa states that the “melting point constant,” defined as the difference 
in melting point of a fat produced by decreasing the GS, content by one half, 
increases with decreasing chain length of the GS,. This shows, according to 
Kanrtua, that decrease in chain length (resulting also in a decreased melting 
point) increases the solubility of the GS, in the substrate, beyond that resulting 
from the decreased melting point. On the basis of this evidence KARTHA con- 
cludes that both melting point and chain length of the GS, are factors governing 
the extent to which it can remain liquid in fats in vivo. 
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The melting points of whole fats in vitro are not a reliable criterion by which 
to estimate the extent to which GS, can remain fluid in them in viro. The data 
in Table 3 show a rather poor correlation between the GS, content of a fat and 
the melting point of the whole fat in vitro. 

Animal tallows, according to Karrua, are always present in the liquid state 
only in living adipose tissue,“* the normal temperature of which is frequently 
10 to 15°C below the melting point of the refined fat. If so, it is evident that 
for some reason fats can exist in the fluid state in vivo at temperatures much 
below the normal melting point. This circumstance obviously has a bearing on 
the amount of GS, which can remain fluid ia vivo. 

If it be conceded that fats are present only as liquids in viro there is little 
correlation between the melting points of the refined whole fats and the extent 
to which GS, can remair fluid in them in vivo. There is, however, good cor- 
relation between the chain length (and melting point) of the GS, and the extent 
to which it can remain fluid in vivo. This relationship is shown in Table 3.6 
The data also show that in a group of fats of approximately the same melting 
point, the GS, content increases with decrease in chain length. Decrease in 
chain length increases the solubility and decreases the melting point of the 
GS, or, in other words, increases its tendency to exist as a fluid. 

The data are taken from various sources,", 57) and show more or less accur- 
ately the composition of the saturated constituents of several natural fats. 
Some of the data are probably not strictly accurate and the melting ranges 
were sometimes determined on different samples. Nevertheless the error is 
relatively small and the assembled data may be used for the purposes of these 
demonstrations. 

Inspection of Table 3 will show that as the proportion of GS, increases from 
1-4 to over 85 mole per cent of the tctal fat there is a corresponding decrease 
in the proportions of C,, and higher acids from 96 to 0 per cent. This is accom- 
panied by an increase in the propcertion of C,, aad lower acids from 0 to 100 
per cent. At the same time the proportion of C,, acids first increases and then 
decreases as the foot of the table is approached. 

It is obvious that as the mole per cent of GS, increases, the proportions of 
higher-melting, more-insoluble C,, or higher acids in the total saturated acids 
decrease, to be replaced by lower-melting, more soluble, C,, acids. These in 
turn are replaced by still lower melting, still more soluble, C,, and lower acids. 

The comparison between the first member of the series, rambutan tallow, 
and the next to the last member, dika fat, is particularly striking. Rambutan 
tallow, a tropical vegetable fat, contains only 1-4 per cent GS, and its saturated 
fatty acids are almost exclusively stearic or higher. Its melting range is 40 to 
46°C. Dika fat, also a tropical vegetable fet, contains 79 per cent GS;. The 
saturated fatty acids consist exclusively of C,, or lower members. The melting 
range, 41 to 42°C, is almost the same as that of rambutan tallow. The GS, 
actually found in rambutan tallow is only about 10 per cent of that which 
could be produced by completely random distribution, whereas dika fat con- 
tains all the GS, which could be produced under the same circumstance. 
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Interpreted according to the Kartua theory, these data mean that in ram- 
butan tallow the GS, content is greatly restricted because a higher proportion 
of this particular high-melting GS, could not remain dissolved in the substrate. 
Dika fat, on the other hand, contains more GS, because the latter is more 
soluble in the substrate owing to the shorter chain length of the component 
acids. It should be emphasized that the two fats have similar melting ranges 
and are both tropical vegetable fats. 

The same relationships hold throughout the series of fats shown in the table. 
As the proportion of lower-melting, more soluble acids ir the saturated portion 
increases there is a corresponding increase in the GS, conient as determined 
experimentally. The difference between the GS, required by random distribu- 
tion and that actually found decreases as the provortion of GS, becomes larger. 
This means, according to KartTua’s hypothesis, that as the chain length of the 
GS, decreases, thereby decreasing its melting point and increasing its solubility, 
there is less restriction on its formation in the fat. 

The increase in GS, content of the fats shown in the tabie is not due to 
increased proportions of saturated fatty acids because, with the exclusion of 
chicken fat and the last six members of the series, the maximum variation in 
saturated acid content is 14 per cent (49 to 63 per cent). All other relationships 
exist in this curtailed series that exist in the whole series. The melting ranges 
are even more nearly the same. 

It appears on the basis of this demonstration that Karrua’s theory, that 
the formation of GS, in vivo is restricted to the proportion which can remain 
in a liquid state in vivo, has experimental support. 

A part of Karrua’s theories of glyceride composition and synthesis is the 
assumption that natural fats ix vivo are in states of dynamic equilibrium during 
the period in which their structure is defined, and this assumption is implicit 
in his rule fer calculation of glyceride-type distribution. This assumption is in 
agreement with the evidence of several others®® which indicates that lipolytic 
esterification by enzymes is reversible and proceeds according to the law of 
mass action. Lipolytic enzymes should then behave, in this respect, like ordi- 
nary esterification catalysts, promoting a reversible equilibrium, even though 
sometimes a restricted one, between reactants and reaction products. It is also 
possible that they may act as ester-interchange catalysts. Either mode of action 
can result in random distribution of the fatty acids, subject only to restriction 
such as that suggested by KarTua. 

KarTHA’s assumption of dynamic equilibrium is in harmony with his obser- 
vation'’™ that fats of varying composition from ingested foods are deposited in 
adipose tissues of oxen and the milk fats of cows and buffaloes without changing 
the ratio of the GS, found to that which would be expected by chance distribu- 
tion, indicating that the basic pattern of glyceride composition is unchanged. 

The theories and assumptions agree with what appears to be the fact that 
fatty-acid synthesis and esterification take place in all vegetable and animal 
fat depots,‘ thus affording an explanation for the simultaneous appearance of 
fats of differing composition in various parts of the same organism. 
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VIL Tae MecHANISM BY WHICH Formation oF Sotip GS, 
Is PREVENTED 


The action of lipolytic enzymes in fats has beet. compared previously with 
that of ordinary esterification and ester-interchange catalysts. But if they act 
exactly like ordinary esterification catalysts they should produce solid GS, 
when the limit of fluidity is exceeded at any particular temperature. In theory, 
the ester interchange process can continue under some circumstances until 
almost all the fatty acids have been separated into solid GS, and liquid GU. 
If the enzymes do promote a state of equilibrium there must be some difference 
between their mode of action and that of ordinary esterification and ester- 
interchange catalysts which prevents them from ever producing solid GSs,. 
Kar7Ha* has advanced a tentative explanation based on five assumptions, 
which are: 


1. The enzymes are colloidal. 

2. They effect esterification of fatty acids and glycerol by forming stable 
intermediate complexes with the reactants which rearrange to form stable 
complexes with the reaction products. These complexes then break down to 
produce the reaction products and free the enzyme. Ester interchange is 
effected in a similar manner. 

3. This process is reversible. 

4. Neither complex can form unless the factors can form a continuous 
adsorbed film on the surface of the colloidal enzyme. 


5. A solid factor cannot form a continuous adsorbed film. 


If one of the reactants, such as GS,, is a solid the continuous adsorbed film 
will not form and the complex also will not form. As a result no reaction will 
occur. 

It has been shown by WILLSTATTER and Watpscumipt-Lerrz'* that ricinus 
or pancreatic lipase has no effect on tristearin crystals, possibly because the 
solid triglyceride cannot form a continuous adsorbed film on the enzyme 
surface. 

Coiiis‘*) has demonstrated that lipolytic bacteria do not hydrolyze solid 
tristearin. Torre'®) has shown that the rate of hydrolysis of hydrogenated 
fats at fixed temperatures by means of ricinus or pancreatic lipase decreases 
with increase in the melting point of the fat or, in other words, when more 
solid triglyceride is present. For fats of the same melting point, rates of hydro- 
lysis increase as the temperature increases, presumably because of the resultant 
decrease in the proportion of solid fat. 

There appears therefore to be sume evidence in support of the theory that 
enzymes cannot promote reactions with solid fat because the latter cannot 
form a continuous adsorbed film on the surface of the enzyme. If the glyceride- 
water-enzyme complex cannot form, it obviously cannot rearrange to produce 
a fatty acid-glycerol-enzyme complex and no hydrolysis will occur. The same 
principle applies to ester interchange. 
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This is, of course, the reverse of the problem with which we are concerned. 
Instead of why solid glycerides are not hydrolyzed by enzymes, our concern is 
with the reasons enzymes cannot synthesize or otherwise produce solid tri- 
glycerides, assuming this to be true. 

KankTHA suggests that the converse of the reason for the failure of enzymes 
to hydrolyze solid triglycerides may be the reason for the failure of enzymes 
to produce solid triglycerides. It may be, according to Karrua, that the stable 
glycerol-fatty acids-enzyme complex rearranges to form the enzyme-GS,-water 
complex only when the latter can form a continuous adsorbed film on the sur- 
face of the enzyme. He suggests that this can be done only if the GS, is in the 
liquid state. As a result GS, is produced only to the extent that the GS, iu 
the complex can exist in the liquid state. GS,, which is liquid under these 
circumstances, may also be liquid when freed from the complex. When the 
liguid film fails to orm, no more GS, will be produced. 

The nypothesis may be demonstrated by the following diagram in which the 
double lines represent enzyme surfaces: 
ENZYME ENZYME 


GLYCEROL -FATTY ACIDS 6S3-H20 


ENZYME 
GS3H20 + +¢ GLYCEROL, FATTY ACIDS 


There is evidence‘*”, (6), (63) that the counter-clockwise cycle 
(4) + (3) — (2) > (1) — (3) + (5) 

does not operate unless both GS,-H,0 and glycerol-fatty acid films can form 

on the enzyme surface. 

KARTHA suggests that the clockwise cycle (5) + (3) — (1) — (2) — (3) + (4) 
also cannot operate unless the same situation exists and both GS,-H,0 and 
glycerol-fatty acid films can form. He suggests further that these films can 
form only if the adsorbed materials are liquids. If the GS, is solid it cannot 
form a film and the cycle will not be carried out. As a result no solid GS, will 
be produced. He advances no experimental evidence for this hypothesis. 

The theory of glyceride-type distribution advanced by Karrua is supported 
by what appears to be good experimental evidence, but perhaps one of the 
strongest arguments in its favour is its remarkable completeness. Not only 
can he determine the glyceride-type distribution analytica'ly with what appears 
to be good accuracy, but he can predict the distribution by calculation from 
simpler data. He supports his theory of glyceride-type distribution by a supple- 
mentary hypothesis, based on experimental evidence, explaining the mechanism 
by which the glyceride types are so distributed. Whether his conclusions are 
correct will be demonstrated eventually, but whatever the outcome the studies 
must be recorded as the most complete and ingenious yet produced. 

Recently Qumupy, WILLE, and Lurron‘* have presented the results of 
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x-ray and thermai studies on lard, mutton tallow, and beef tallow which indi- 
cate that these fats conform to neither the random nor the restricted rardom 
theories. 

Lurtron‘*) and Lutron and Jacxson‘®® have recorded similar results.ob- 
tained in studies of garcinia indica fat (kokum butter), stillingia tallow and 
piqua fat. 
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THE INTESTINAL ABSORPTION 
OF FATS 


Sune Bergstrom and Bengt Borgstrom 


I. INTRODUCTION 


THIs review covers mainly the different phases of the intestinal absorption of 
triglycerides and their split products, whereas the absorption of phosphatides, 
steroids, etc., has been omitted. The absorption of hydrocarbons has been 
treated due to its importance for the development in this field. We have also 
omitted those phases of the absorption of triglycerides and fatty acids that 
have Leen covered by DeEvEL (i953) in the second volume of this series. Rela- 
tively few references have been made to the extensive clinical literature on fat 
absorption in humans. The reason for this is that we feel that this field is more 
advantageously reviewed in a year or two when more unequivocal data with 
isotopes, ete., have accumulated. The emphasis in the review has been placed 
on the experimental facts that have accumulated during recent years and 
older work will only be referred to in connection with specific experimental 
results. However, a short review of the historical development in this field 
is given in the first section where references to surveys of older work can be 
found. 

The historical development can conveniently be followed in the different 
editions of O. Hammarsten’s Lehrbuch der Physiclogischen Chemie. 


II. Some Aspects OF THE EARLIER DEVELOPMENT 

During the latter part of the last century the general views expressed in the 
text books were that fat was emulsified in the intestine and this emulsion 
passed into the lymphatics more or less directly. The pancreatic juice was 
only thought to split a small part of the triglycerides and the fatty acids that 
were set free were assumed to form soaps that together with the bile stabilized 
the emulsion (Hopre-Sey er, 1877). These opinions were mainly based on the 
visual observation of the content of the intestine and the lymphatics after a 
fat meal. Chemical evidence was supplied especially by Mus& and collaborators 
(1880, 1891) who showed that triglycerides increased in the Jymph after in- 
gestion of triglyceride, free fatty acid or amyl esters of long-chain fatty acids 
(cf. section V(d)}. 

These views were forcefully disputed by PrLttcer (1900) who, in a series of 
papers, claimed that a total hydrolysis took place and that the fatty acids were 
absorbed as soaps. Experiments by Henriques and Hansen (1900) in which 
they fed mixtures of glycerides and hydrocarbons and recovered only the 
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hydrocarbons in the faeces were also considered as evidence that glyceride 
molecules had to be split before absorption (cf. section VI). 

The Pritcer theory gained ground and was modified and extendel by 
Vexzar and others during the following decades (see Verzarn and McDougal, 
1936). When it was found that the acid reaction of the upper small intestine 
wou'd allow the formation of soaps of only a small part of the liberated fatty 
acid, the importance of the bile acids was stressed (cf. Scuipt-Nretsen, 1946). 

The sclubilizing effect of the bile was for a long time ascribed to the formation 
of tke “choleic acids” of WreLanp and Sorcr in spite of the fact that the con- 
jugated bile acids, which do not form choleic acid, are the only ones that 
normally occur in bile, cf. Cortese and Bauman (1936), Freser and FresEr 
(1949). 

It was later shown, however, that hydrocarbons can be absorbed from the 
intestine in sizable amounts (EL Manpi and Cuanxon, 1933). This process was 
further studied by STETrTEN (1943) who also showed that they are extensively 
metabolized in the body. 

This evidence and other observations led several authors to propose again 
that a total hydrolysis was not a necessary prerequisite for absorption of tri- 
glycerides (MELLANBY, 1927; DrumMMonD, BELL, and Parmer, 1935; of. Raper, 
1949). 

In 1933 Frazer. proposed the “Fat-fatty acid partition theory” and this 
theory ~as then extended in many publications during the following decade. 
It was originally mainly based on chylomicron counts and histological observa- 
tions after feeding olive oil and free oleic acid containing Sudan dye. The 
results were interpreted to show that glycerides after emulsification were 
absorbed via the lymphatics and deposited in the fat depots, whereas ingested 
free oleic acid was absorbed via the pertal vessels and deposited in the liver. 

This “partition theory” was then extended and some of the main points of 
the theory up to about 1550 can be summarized as follows (cf. Frazer, 1940, 
1643, 1944, 1945, 1946, 1948, 1949, 1951). 

In the lumen of the small intestine the glycerides are hydrolyzed only to a 
small extent yielding some free fatty acids and lower glycerides (cf. ARTOM and 
Reace, 1935). It was believed that pancreatic lipase could not effect a total 
lipolysis (Frazer and Sammons, 1945). It was found by Frazer, SCHULMAN, 
and Stewart (1944) that bile acids, free long-chain fatty acids and mono- 
glyverides gave better emulsification in vitro than any two of these substances, 
This system was believed to be responsible for the emulsification of the unsplit 
fat in the intestine to a particle size below 0-54. These negatively charged 
particles were then believed to pass into the mucosa cells through the “cannals”’ 
of Baker (1942) (cf. section VII) and then pass unchanged into the lymph 
except for an exchange of the surface layer. 

It was concluded that “Fatty acid passes by the portal vein to the liver while 
neutral fat goes by the lymphatic route to the systemic blood and thence to the 
depots to be stored for future use. The degree of lipolysis is, thus, a deter- 
mining factor in the immediate fate of absorbed fat’ (Frazer, 1943) and 
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further, “It has been claimed that triglycerides are resynthesized in the intes- 
tinal cell. There is no satisfactory evidence that this occurs, and the existence 
of this resynthesis is assumed on the basis cf complete hydrolysis” (Frazer, 
1948). 


This theory was thus contrary not only to the concept of total splitting of . 


the glycerides proposed by PrLtcER-VERzaR but also to earlier experimental 
work as to absorption and fate of free long-chair. fatty acids and: glyceride 
synthesis in the intestinal cells. In spite of that, the “Partition theory” has 
dominated in this field up to about 1950, as much as the PrLiceER-VERZAR 
views did in earlier decades. For a recent version cf. FRAZER et al. (1954). 

The development in this field of biochemistry has neither been rapid nor 
straightforward. One reason has apparently been the difficulties encountered 
in making experiments allowing an unequivocal interpretation with a process 
as dynamic as the absorption from the intestine and the development has 
sometimes been more dominated by personal opinions than by direct facts. 
Another factor is that a normal intestinal fat absorption is dependent on a 
normal intestinal motility that is not present in anaesthetized animals, intes- 
tinal loops, etc., that have been used by most earlier investigators. 

From about 1950 a rapid development has taken place in this field due 
largely to the application of new methods. In this way results have been ob- 
tained that have made possible unequivocal interpretations and widened our 
knowledge of many basic mechanisms of the intestinal fat absorption. 

The process has turned out to be so dynamic and many-phased that it cannot 
be covered by any one theory. 


III. Recent DEVELOPMENTS IN METHODS 


a. Animal technic 


Experiments in which the lymph from the intestine has been collected have 
been of fundamental importance in the studies of fat absorption. In the earlier 
deveiopment in this field the investigators were generally limited to obtaining 
lymph from anaesthetized animals. As the normal fat absorption is dependent 
on a normal intestinal mobility such experiments have sometimes given in- 
complete and erroneous results because the intestinal mobility is profoundly 
influenced by anaesthesia and the lymph flow from the intestine is only a 
fraction of the normal. 

The classical experiments that Munk (1880) performed on a girl with a 
spontaneous lymph fistula thus gave better recoveries than the experiments 
on anaesthetized dogs with thoracic duct fistulas (Munk and RosENSTEIN 
1891); cf. also BLoor (1913). 

The introduction of a technic for the collection of lymph from the intestinal 
or thoracic duct on unanaesthetized rats by Carn, and GRINDLAY 
(1948) has therefore been of great importance. According to their procedure a 
polyethylene cannula is inserted into the main intestinal lymph duct or the 
thoracic duct from an abdominal approach. The animals are then kept in 
restraining cages in which they can remain unanaesthetized up to a week or 
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more. They have a good appetite and get 0-9 per cent sodium chloride to 
drink. The lymph flow is generally about 50 ml but can exceed 100 ml per day 
when much fat is fed. 

The thoracic duct cannulated rats generally seem to be preferable because 
animals that have an intestinal duct cannula sometimes develop diarrhoea. 

In the generally used technic, the cannula is passed directly through the 
lateral abdominal wall and the lymph collected into a flask outside the cage. 
In modifications the tubing is led under the skin to the hind leg or a collecting 
vessel is introduced into the peritoneal cavity that can be emptied through an 
opening on the animal’s back (Tasker, 1951). 

Technics similar to those described above have been developed for un- 
anaesthetized dogs (Carin, GRINDLEY, Fiock, and Mann, 1947; 
Fiock, Cary, and Grixpiey, 1950; Cresson, Bavrr, 
HofrmMan, and HEALey, 1949) and cats (BeRastrOm, Borastrém, 
and CaRLsTEN, 1954). In the latter work recoveries over 70 per cent were 
obtained as compzred to corresponding experiments on chloralose anaesthetized 
cats where only a maximum of 12 per cent of the fat was recovered (BERG- 
sTROM, BorcstrOM, CARLSTEN, and RoTreNBERG, 1950) (cf. also EcksTem, 
1925; LrrrLte and 1941). 

In experiments on rats recoveries of over 90 per cent of the absorbed fat is 
not uncommon even if there is a considerable variation from animal to animal 
(cf. p. V(d.}). These methods are therefore well suited for studies of both quanti- 
tative and qualitative aspects of the intestinal fat absorption. 

However, some caution has, of course, to be exercised in interpreting the 
results. Entirely normal pressure conditions and lymph flow cannot be 
expected when an open cannula has been inserted in the intestinal lymph duct 
or the thoracic duct. The animal also loses large volumes of water, protein, 
salts, etc., that are difficult to replace entirely. These factors probably con- 
tribute to the large individual variation that has been recorded by different 
investigators. 

Methods have furthermore been described for the collection of blood from 
the portal vein from unanaesthetized dogs (Denton, GeRsHoFF and ELVE- 
HJELM, 1953). Brerman, Sreissocu, Wuitre, and (1952), working 
with humans, collected blood from the portal vein by a percutaneous, trans- 


hepatic approach under local anaesthesia. 


b. Analytical methods 
The analytical methods treated in this section are only such which have relation 
to work on the evaluation of the mechanism of the intestinal absorption of fats. 

Analytical estimation of the composition of glyceride mixtures—Methods for 
the complete quantitative analysis of the composition of glyceride mixtures 
found by hydrolysis of triglycerides with lipase in vitro or in vivo are now 
available. 

DreSNUELLE, Naupet, and Constantin (195i) have calculated the com- 
position of mixtures formed during hydrolysis of triglycerides with pancreatio 
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lipase in vitro and in vivo by estimating the amounts of free fatty acids, total 
fatty acids, free glycerol, combined or glyceride glycerol and 1-monoglycerides. 
The 1-monoglyceride and combined glycerol are determined with a modification 
of the periodic acid method of Ponte and MEHLENBACHER (1950). The method, 
is, however, not generally applicable unless the com position of the monoglyceride 
mixture formed is known because 2-monoglycerides do not react with periodate. 
A method for the analysis of the amounts of 1- and 2-monoglycerides present 
in a glyceride mixture has been proposed by Matrson, BeNepict, MarTI, and 
Beck (1952). According to this procedure the 1-monoglycerides are assayed by 
the periodic acid method in one sample and in another sample the tota! 1-mono- 
glycerides after conversion of the 2-monoglycerides to the l-isomer. As catalyst 
fcr the isomerization Mattson et al. (1952) used perchloric acid which under 
the given conditions gave about 90 per cent conversion of the 2-isomer. The 
incomplete isomerization obtained makes the use of a conversion factor neces- 
sary. Heat also causes a conversion of 2-monoglycerides to 1-monoglycerides 
but the variations in the extent of isomerization and accompanying hydrolytic 
and esterification reactions make this method unsuitable. The presence of 
minute amounts of ferric chloride seems, however, to catalyse the heat isomer- 
ization so that it can be of practical use. The extent of isomerization obtained 
with this method is about the same as that obtained by perchloric acid method 
(Borcstr6m, 1953). The incompleteness of the isomerization seems to be due 
to the fact that under the influence of the catalysts an equilibrium mixture 
containing about 90 per cent 1-monoglyceride is formed (Martry, 1953b). 
Because of the instability of the 2-monoglycerides caution must be taken when 
handling glvceride mixtures to be analysed for 2-rmonoglyceride content. 
Because the periodic acid reagent gives values for apparent 1-monoglyceride 
in fats known to be free of 1-monoglycerides the estimation of the small amounts 
of monoglycerides present in glyceride mixtures of most biological material is 
not very accurate with this procedure. For more exact values it is preferable 
to isolate the monoglyceride fraction from the tri- ard di-glycerides before using 
the periodic acid method (Borcstr6m, 1954). If the monoglyceride content is 
known the amounts of tri- and di-glycerides can also be calculated from the hy- 
droxy] value of the mixture (Marrson, Benepicr, Martiy,and Breck, 1952). The 
composition of a glyceride mixture can also be det: 
the separation of the mono-, di- and tri-glycerides by chromatography. 
Separation and isolation of different lipids—-The need for methods enabling 
the quantitative separation of the different constituents of lipid mixtures on a 
small scale is apparent, especially in work with isotopes. Here the application 
of adsorption and partition chromatography has been of the greatest importance. 
Isolation of phospholipids—This topic has recently been fully treated in this 
series by DEsNUELLE (1952). Since then a method has appeared for the separa- 
tion of phospholipids from neutral lipids and fatty acids by chromatography 
using silicic acid (BorcsTROM, 1952). When a total lipid extract of animal 


origin in chloroform solution is passed through a column of silicic acid, neutral 
lipids and free fatty acids pass through the column while the phospholipids 
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are retained and later can be eluted with chloroform-methanol mixtures. The 
separation obtained with this method is for many purposes superior to that 
obtained by the acetone precipitation method. A modification of this procedure 
has been developed by FILLeRuP and Meap (1953). 

Isolation of fatty acids—Free fatty acids can effectively be separated from 
nentral lipids by extracting the soiution in light petroleum with alkaline 50 per 
cent aqueous ethanol. However, if monoglvcetides are present the use of the 
ion exchanger IRA-400 has proved a valuable alternative to this separation 
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Fig. 1. Separation of a mixture of triglycerides (TG), diglycerides (DG), monoglycerides 
(MG), phospholipids and free fatty acids (BorcstrOM, 1952a, 1954a). 


(Cason, SuMRELL and Mircue.t, 1950; Borcstrém, 1952b). A solution of the 
mixture in wet ether is passed through the ion-exchanger TRA-400 (OH-form). 
All neutral glycerides pass through whereas free fatty acids are retained and 
can be eluted by ethanol-hydrochloric acid or preferably ether-acetic acid 
9:1. Monoglycerides are not isomerized during the passage of the column of 
IRA-400 (OH) (Borcstr6m, 1954). Frttervup and Meap (1953) have separated 
free fatty acids from triglycerides with silicic acid column. 

Isolation and separation of tri-, di- and monoglycerides—Zitcun and Dutton 
(1951) investigated the possibility to separate different fatty acid esters by 
counter-current distribution and found that mono- and triglycerides could be 
separated using $0 per cent aqueous ethanol and heptane as solvents. Modifica- 
tions of this method have later been used by Kunrt, Wetcu, BiuM, PERRY, 
and WEBER (1952) and by Marrsox, Bexevict, Martin, and Beck (1952) 
using counter-current distribution and by Borcstrém (1954) using partition 
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chromatography. With these methods monoglycerides can be effectively 
separated from diglycerides, triglycerides and free fatty acids. Separation of 
tri- from diglycerides and 1-mono- from 2-monoglycerides is not possible with 
these solvent systems. 

A method for the complete separation of tri-, di-, and monoglycerides has 
been worked out using silicic acid as adsorbent (Borcstrém, 1954). It has 
been found, however, that 2-monoglycerides partly are isomerized to 1-mono- 
glycerides during the passage through the silicic acid column. If the original 
monoglycerides are wanted they must be separated from the di- and triglycer- 
ides by counter-current distribution or partition chromatography. 

A method for the separation of 1- and 2-monoglycerides has been published 
by Borestrom (1954). According to this procedure the monoglyceride mixture 
is oxidized with periodic acid that splits the glycol group in the 1-mono- 
glycerides. The oxidation product of the 1-monoglyceride can then be separated 
from the unchanged 2-monoglyceride by chromatography on silicic acid. With 
this method the l1-monoglyceride cannot be recovered in the unchanged form 
but when the separation of the fatty acids of 1- and 2-monoglycerides is wanted 
the method can be used. So far these methods have only been used for the 
separation of glycerides of long-chain fatty acids. 

Isolation of glycerol—In work with carbon labeiled glycerol the isolation of 
the glycerol activity has been achieved by oxidation of the glycerol with 
periodic acid and precipitation of the formed formaldehyd with dimethyl- 
dihydroresorcinol as methylene bismethone (VoRLANDER, IBLE, and VOLK- 
HOLY, 1929; Ionescu and Bopega, 1930; WersBercer, 1931, Yor and Rem, 
1941; Brice, Swary, ScHAEFFER, and AuLt, 1945). 

Separation of fatty acids—The methods for the separation of fatty acids are 
also of importance in this connection as it has been found that different acids 
are treated differently in several respects during the absorption process. A 
labelled acid can furthermore be transformed into other acids already during 
the absorption process in the intestine and the location of the isotope in the 
different acids therefore has to be investigated. 

As a comprehensive review of this field has been published by HoL~Man (1952) 
in this series only a few recent developraents will be mentioned that are of 


special interest. 
Bo.tprincu (1948, 1950, 1953) has recently developed a reversed phase par- 
tition chromatography in which powdered rubber is used as support for the 


less polar phase. By varying the water content of the mobile phase, acids of 
different chain lengths are separated. He has recently used this method for 
the separation of some saturated and unsaturated acids. In this chromato- 
graphy the introduction of one double bond into a saturated acid changes the 
properties so that the acid appears together with the saturated acid with two 
carbon atoms less, i.e. oleic acid behaves like palmitic acid. When the acids in 
this band then are hydrogenated and rechromatographed the stearic acid that 
has been formed from oleic acid is cleariy separated from the palmitic acid 
originally present. BoLprna’s methods have been extensively used in absorption 
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studies on humans (FERNANDES, 1953; FERNANDES, WEWERS, and Van 
pE Kamer, 1953). 

A wider choice of solvent systems can be used in the other type of reversed 
phase partition chromatography that was introduced by Howarp and Marros 
(1950) in which kiselguhr (filter aid), rendered hydrophobic with silanes, was 
used as support for the less polar phase. This method has also found extensive 
use for the separation of free and conjugated bile acids (Berastrém and 
1951; 1953; Norman; 1953). 

JaMEs and Martin (1952) recently introduced the “‘vapour phase chromato- 
graphy” of fatty acid esters up to C,,. This method has also been extended up 
to C,, acids by CroprperR and Heywoop (1953). 

NigKaMP (1951, 1953) has modified his earlier method for the separation of 
C, to C,, acids to effect the separation of C,, to C,, acids with the solvent 
system methanol-iso-octane on silica-gel tinted with bromothymol blue. 

AHRENS and Craic (1952) have used counter-current distribution for the 
separation of higher fatty acids. 

Since labelled unsaturated acids are r-ow used, the need for methods for the 
separation of these acids from one another and from saturated acids on a small 
scale have increased. 

Theclassical lead salt fractionation inits different modifications has been shown 
to be very inadequate for these purposes. One method is that referred to above 
(Bo_p1naH, 1953) and a similar method has also been used by Popsak (1953). 

Savary and DesNUELLE (1953) have published a method to separate satur- 
ated and unsaturated acids after hydroxylation of the latter by permanganate. 
The separation of the seaction product was made by partition chromatography. 

BercstrOM and Padro (1954) have worked out a method based on the same 
principle but using performic acid for the hydroxylation and have used ordinary 
chromatography on silicic acid to separate the inethyl esters of saturated acids 
and the dihydroxy acid formed from oleic acid. 

Isolation of cholesterol and cholesterol esters—Cholesterol and cholesterol esters 
can conveniently be separated by chromatography on alumina or silicic acid 
(Trapre, 1940; Hess, 1947; Borcstr6Om, 1952b). Cholesterol esters can also 
be separated from glycerides on these absorbents but if alumina is used, it has 
been found to be impossible to recover the glycerides quantitatively as they 
are partially hydrolyzed on the column (Trappe, 1940; Katuen, 1950). With 
silicic acid as adsorbent no such troubles interfere with the elution of the 
glycerides (TRapre, 1940; Borcsrrom, 1952; and Mean, 1953). 


c. Labelled compounds 
Fatty acids—The first isotopically labelled fatty acids used in metabolic studies 
were obtained by partial reduction of linseed oil with deuterium gas (SCHOEN- 
HEIMER and RiTTENBERG, 1933). Similar methods have since been used in 
many investigations. The exchange of carbon-bound hydrogen against deu- 
terium with D,SO, or in D,O in the presence of alkali and active platinum 
results in «-labelling or random labelling, respectively (HEYNINGEN, RITTEN- 
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BERG and SCKOENHEIMER, 1938; cf. recent paper by Be. ef al., 1953). The 
method to secure deuteriura labelled fatty acid from animals fed deuterium 
oxide (cf. RirrenBerG and SCHOENHEIMER, 1937) has also been used by several 
authors. 

Carbon labelled fatty acids can conveniently be prepared from labelled 
acetate by feeding it to rats or mice or with liver slices. Saturated fatty acids 
carbon labelled by chemical means have mostly been labelled in the carboxyl 
group by the usual technic of treating the appropriate bromide with labelled 
cyanide and hydrolyzing the resulting nitrile or by treating the Grignard com- 
plex with labelled carbon dioxide (cf. CaLvin et al., 1949; Crompton and 
Wooprtrr, 1950). 

Palmitic acid-6-4C has been prepared by DauBeEN (1948). Several saturated 
carboxyl labelled acids are now available commercially. 

Oleic acid-1-"C has been prepared by Bercstr6m, and RoTTENBERG 
(1952) by the silversalt-bromine degradation of erythrc-9,10-dihydroxy-stearic 
acid followed by a nitrile synthesis and a stereospecific elimination of the 
hydroxyl groups according to BowMAN and Amss (1951) with formation of the 
cis-9,10 double bond. 

The decarboxylation and reformation of linoleic acid has been carried out 
via the tetrabromo acid with a Grignard reaction on the nor-bromide by 
Howtos, Davis, and NEVENZEL (1952). A reaction sequence with a nitrile- 
synthesis with the key-step being the differential solvolysis of the primary 
bromine atom of the nor-penta bromide has also been worked out (BERGSTROM, 
PAABO, and Rorrensera, 1954). 

The general route for synthesis of the pure cis- or trans-isomers of mono- 
ethylenic fatty acids has been worked out by Ames and Bowman (1951). In 
combination with Kolbe—or “anodic”’ synthesis—practica!ly any cis- or trane- 
mono-unsaturated acid with labelling at any specific atom can now easily be 
prepared (cf. WEEDON, 1952; Bounps, Linsteap, and WEEDON, 1953). 

Similarly the utilization of acetylenic intermediates for the synthesis of un- 
saturated fatty acids with cis-deuble bonds (AuMApD and Srrone, 1948) has 
recently be2n extended to several methods for the synthesis of cis,cis-linoleic 
acid (RAPHAEL and SONDHEIMER, 1950; GeNSLER and Tuomas, 1951; Wat- 
BoRSKY, Davis, and HowrTon, 1951) that allow specific labelling of this acid in 
any position. 

Glycerol—Deuterium labelled glycerol has been prepared by FAavarcEr, 
CoLteT, and CuERBULIEZ (1951) by reduction of dihydroxyacetone by sodium 
amalgam in deuteriumoxide and by BeRNuARD and WaGNER (1952) by partial 
hydrogenation of propargyl alcohol with deuterium to allyl alcohol and 
hydroxylation of the latter to glycerol. 

Glycerol-1-"C has been prepared by DoERscHUK (1951) from ethyl glycerate- 
1-4C by reduction with lithium aluminium hydride. ScuLenk and DEHaas 
(1951) prepared glycerol-1,3-"C, by condensing paraformaldehyde-"C and nitro- 
methane followed by reduction and diazotation. Karnovsky and Gipez (1951) 
have outlined a synthesis starting from labelled acetic acid. 
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Glycerol-C is now available from several commercial sources. 
Labelled glycerides—For the synthesis cf labelled tri-, di- or mono-glycerides 
several standard methods are available (cf. Breuscn, 1950; Deve , 1953). 

Labelled triglycerides have been prepared by several methods (DauBEN, 
1948; Geyer, Matruews, and Stare, 1949; BercstrOm, BLomsTranp, and 
BorcstrOM, 1954). 

A simple way to prepare a triglyceride randomly labelled with saturated 
acid is to make a transesterification of an unlabelled triglyceride with the 
labelled acid with sulphuric acid as catalyst (BercstrOmM, Borcstr6m, and 
RoTTreNBERG, 1952). Under these conditions an exchange takes place both at 
the primary and secondary positions (BorcstTrOM, 1954). 

ScHLENK, Lamp, and DeHaas (1952) have described & method for the 
synthesis of glycerides in which the alcoholic groups of the glycerol successively 
are built up, beginning from palmitoxyacetic acid. In this way the alcoholic 
groups of the glycerol become available to react with individual fatty acids 
and the possibility is given to build up glycerides in which the position of the 
fatty acids with respect to labelled carbons of the glycerol will be known. 

2-Mono- and 1,2-diglycerides containing unsaturated fatty acids have not 
been available until recently. The preparation of unsaturated 2-monoglycerides 
has been achieved by splitting off the benzylidene group of 1,3-venzylidene 
2-acyl glycerol with boric acid (Martin, 1953). A 1,2-diglyceride containing 
unsaturated fatty acids has been prepared biosynthetically by Borcstrém 
‘1$53). No method for their chemical synthesis has so far been described. 

Bile acids—The common bile acids labelled with “C in the carboxyl group 
have been prepared via the norbromides followed by a nitrile synthesis (BERG- 
sTROM, RotrenseRG, and Vouitz, 1953) and a new procedure has been used 
for the preparation of the glycine and taurine conjugates (BercsTROmM and 
NorMAN, 1953; Norman, 1955). 


IV. HywpRo.ysis oF TRIGLYCERIDES EY PANCREATIC LIPASE in vilro 


a. Pancreatic lipase 
Our knowledge of the lipid splitting enzymes of the pancreatic juice and 
intestinal secretion is still very incomplete. Since the work of WiLLsTATTER 
and WaLpscumipt-Lerrz (1923) only very few attempts have been reported 
to purify the pancreatic lipase. Gyotuko and Terasuima (1930) showed 
that lipase can be precipitated with 55-60 per cent ammonium sulphate 
but that at the same time a large part of the lipase activity is lost. Giick and 
Kina (1933) found that pancreatic lipase behaves as a glopulin as it is best 
extracted with 10 per cent sodium chloride solution from dried fat-free pan- 


tam 


creatic powder and is precipitated by half saturated ammonium sulphate and 
saturated magnesium sulphate. A rapid loss of activity was observed when 
these preparations were dialysed or dried. By precipitation with magnesium 
sulphate Giick and Kriya obtained a purification of 10-7 times based upon 
lipase units per milligrammes of nitrogen. 


361 


. 
‘ 


The Intestinal Absorption of Fats 


BaMANN and LaEVERENZ (1934) claim to have obtained a crystalline lipase 
protein but give no data which evidence the purity or identity of the substance. 

Byrne, Putnney, SCHACHTER, and Younc (1951) seem to be the first to try 
to obtain data for the distribution of the different enzymes of the pancreatic 
juice after electrophoresis. Using diethylbarbiturate buffer, ionic strength 0-12 
and pH 8-6 they found at least six peaks by free electrophoresis of canine. 
pancreatic juice and cuncluded that lipase activity might be associated with a 
protein fraction of medium mobility. The result of a similar investigation by 
GrossBerG, Komarow and Suay (1952) showed the lipolytic activity of canine 
pancreacic juice to be associated with two components of low mobilities using 
the same buffer and pH but an ionic strength of 0-1. 


b. Rate and extent of hydrolysis 
Yor a long time it has been assumed that the hydrolysis of long-chain glycerides 
comes almost to a stop in vitro when only some 30 per cent of the glycerides is 
hydrolysed (Frazer, 1951) unless calcium ions are present in sufficient amounts 
(Batis, Mariack, and Tucker, 1937). In these earlicr experiments the lipase 
sources generally have been extracts or suspensions of dried pancreas and the 
course of the hydrolysis in vitro in the presence of bile has been characterized 
by a rapid initial hydrolysis of 20 to 30 per cent of the triglyceride. Increasing 
the time or the amount of enzyme preparation manifold has not increased the 
extent of hydrolysis (Frazer and Sammons, 1945). 

Using a mixture of pancreatic juice and bile as obtained from a cannula 
inserted into the lower part of the bile-pancreatic duct of rats, BorcsTROM 
(1952) obtained a nearly complete hydrolysis of corn oil in vitro at an initial 
pH of the mixture of 6-4. 

Effect of calcium tons—WILLSTATTER, WALDscuMIDT-LEITZ, and MEMMEN 
(1923) assumed that the accelerating effect on the pancreatic lipolysis of added 
calcium ions was due to the formation of calcium soaps which formed complex 
adsorbates between the fat ard the lipase. They found no accelerating effect 
of calcium ions at acid pH values. Experiments by ScuOnuEyYDER and VoLa- 
VARTZ (1945) showed that the addition of calcium soaps of oleic, laurie and 
stearic acid to the corresponding triglycerides was without any activating effect, 
whiie the addition of calcium salts accelerated the hydrolysis on both the acid 
and alkaline side. They further found that in the case of triglycerides with 
fatty acids with 10 or more carbon atoims the activation produced by added 
calcium ions is more pronounced in the most acid range. They interpreted these 
results as an indication that the activating effect of calcium ions towards the 
higher triglycerides in the acid medium is essentially due to the removal of 
strongly inhibiting fatty acids as calcium soaps. That calcium ions activate 
the pancreatic lipolysis in both acid and alkaline media has later also been 
found by Borestr6m (1954). In these experiments it was also found that cal- 
cium ions increased the rate of hydrolysis of glycerides by pancreatic lipase and 
decreased the rate of resynthesis of glyceride ester bonds (see section IV(d)). 
Influence of some other substances—Tween: Mixarpv (1953) has shown that 
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strate inhibits enzyme action upon a more reactive substrate. 


present. 


(YAMAMATO, 195I1b). 


(WEINSTEIN and Wynne, 1935). 


was found to be just above 8 (Borcstr6m, 1954). 


Tweens, which are fatty acid esters of polyoxyethylene sorbitan, strongly 
inhibit the action of pancreatic lipase on a corn oil emulsion in vitro. Tween 80 
was found the most inhibitory followed by Tweens 60 and 20. In the same 
paper it is reported that the inhibitory effect of Tweens on the pancreatic 
lipolysis in vitro is reversed by the addition of bile acids. Mrvarp was of the 
opinion that Tweens effect an inhibition reaction in which a less reactive sub- 


As this investigation on the inhibitory effect of Tweens on the pancreatic 
lipolysis was undertaken with a pH value of 8-5 in the medium, the impor- 
tance thereof under physiological conditions (pH 6 to 7) cannot be judged at 


Peptides and amino acids—Experimental results have been reported indi- 
eating an activating effect of amino acids and peptides in pancreatic lipase. 
WILLSTATTER and MEMMEN {1923) observed a small increase in the rate of 
hydrolysis of tributyrin on the addition of alanine and leucylglycylglycine in 
alkaline media. Dawson (1927) found that a series of different amino acids 
accelerated the hydrolysis in alkaline or neutral but not in acid solution of 
ethyl butyrate and olive oil by pancreatic lipase. This effect was assumed to 
be due to an increase of the stability of the enzyme. Yamamato (1951) reported 
that several amino acids and some organic acids accelerate the hydrolysis of 
olive oil and triacetin by pancreatic lipase in alkaline solution. Histidine was 
found to be especially active and reactivated lipase solution after dialysis 


Ketones, aldehydes, alecohols—Mvurray (1929) found that substances contain- 
ing a carbonyl group produce an inhibition of the velocity of pancreatic lipo- 
lysis. Some secondary alcohols were also found to have an inhibitory effect. 
Similar results were obtained by Werssters and Wynne (1935) and it was 
concluded that the carbonyl group ferms some sort of attachment with reactive 
groups in the lipase molecule. The inhibitory effects of secondary alcohols 
were supposed to be the effect of a reversal of hydrolysis (Murray, 192$). 

Influence of pH—The values given in the earlier literature for the pH opti- 
mum of pancreatic lipase vary widely apparently depending on the method 
used for the activity determination. Many of the recorded data are based on 
titration values which cannot be expected to represent the initial velocity. 
The substrate used and also the buffer system seem to effect the pH optimum 


The first more detailed:study undertaken of the pH activity curve of pan- 
creatic lipase originates from ScH6NHEYDER and VotgvarTz (1945). 
glycerol extracts of pig pancreas they estimated the influence of pH on the 
initial reaction velocity of different triglycerides in the absence of bile and 
calcium ions. From these experiments it appears that the pH optimum is 
displaced to a higher pH value with increasing number of carbon atoms in the 
fatty acids of the glyceride; from about 7 for triacetin to 8-8 for tristearin. 

With rac pancreatic juice lipase the pH eptimum with olive oil as substrate 
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Influence of vile acids—The bile acids generally have been assumed to be 
activators for pancreatic lipase in- alkaline media (WiILLsTATTER, WALp- 
SCHMIDT-LeEITz, and MeMMEN, 1923; Sopa, 1926; HoL_werpa, 1938; Rortu- 
LIN and ScHatcn, 1944; Mixarp, 1953). In acid media both activating 
(Suopa, 1926) and inhibitory effects (WmutsTitreR, WaLpscHMIDT-LEITz, and 
MeMMEN, 1923; Hotwerpa, 1938) on the pancreatic lipolysis have been 
reported. In these investigations the enzyme source generally has been glycerol 
or water extracts of dried pancreatic glands and the bile acids added have been 
in the form of dehydrated ox bile or as bile acids prepared from bile. 

Using synthetic taurocholie acid and rat pancreatic juice as enzyme source 
Borcstr6Om (1953) has found an activeting effect of taurocholie acid on the 
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Fig. 2. The influence of different concentrations of sodium taurocholate on the initial rate of 
hydrolysis of olive oil by rat pancreatic juice (BorGsTRGM, 1954). 


pancreatic lipolysis in acid media with olive oil as substrate. While the pH 
optimum in the absence of bile acids was found to be slightly above 8, tauro- 
cholate in concentrations up to 0-2 per cent gradually displaced the pH opti- 
mum to about pH 6 or slightly less. At higher concentrations of taurocholate 


a new pH maximum appeared near pH 9. 
As the taurocholate concentration in the small intestine of the rat seems to 


be in the region that displaces the optimum of the pancreaiic lipase from 8 to 
6-6-5, i.e. the pH that is prevailing in the upper small intestine, this effect may 
be one of the important physiological functions of the bile acids in fat digestion. 
This investigation should be extended to enzymes and bile from other organisms. 

The common concept that soaps cannot exist at the pH of the content of 


the upper part of the small intestine apparently has to be modified after the 
work of Scumipt-NIELSEN (1946). When electrometric titrations were under- 
taken with oleic acid it was found that the fatty acid-soap system could not be 
treated in the usual manner in calculations of the dissociation constants. From 
the titration curves obtained Scumtpt-NIeLsEN calculated that in a pure oleic 
acid system about 14 per cent of the acid was present as soap at pH 7 and 5 per 
cent at pH 6. If dodecanesulphonie acid, which is known to solubilize fatty 


364 


40 2Ot 
| #02 
RBS | 
} + i. 4 1-0 
| | 
NY 
; $6789ms 890 


Hydrolysis of Triglycerides by Pancreatic Lipase in vitro 


acids, was added, the corresponding fractions were calculated to be abort 
25 and 10 per cent respectively. As the bile acids also are known to form 
micelles they can be supposed to act as the paraffin sulphonic acids which would 
mean that a considerable proportion of long-chain fatty acids is present in the 
intestinal content in the form of soap micelles. 

In this connection it might be mettioned that DasHEer (1952) has studied 
the surface activity of bile salts, fatty acids and monoglycerides in mixtures 
simulating that occurring during fat absorption. 

Determination of lipase activity—As a detailed survey on this subject recently 
has appeared by Ammon and JaarMa (1950) it shall only be treated shortly 
here. 

As the presence of esterases in pancreatic extracts has been evidenced 
(HorsTEE, 1952) the use of glycerides of long-chain fatty acids must be con- 
sidered most appropriate as substrate for lipase determinations in pancreatic 
juice and extracts. During recent years a tendency to use emulsions of olive oil 
or corresponding triglycerides as substrate for the lipase determinations is 
apparent. As emulsifiers phosphatides (Mixarp, 1953) and gum arabic 
(HorsteEk, 1952) have been used. As the Tweens inhibit the pancreatic lipase, 
their use as emulsifiers is inappropriate (MItxarp, 1953). The addition of 
calcium ions has been found to be of value as they promote a linear relation- 
ship between the amount of enzyme and hydrolysis over a much wider range 
than in the absence of calcium ions (Mrisxarp, 1953). 

A preliminary report of a rapid and sensitive phototurbidometric method 
for lipase determination using a natural fat emulsion as substrate has recently 
been published by Komarov, Suay, and Ziscter (1953). Tweens have been 
reported as substrates for lipase activity determinations (Gomori, 1945; 
ARCHIBALD, 1946; Bozssonnas, 1948). 


c. Formation of lower glycerides 
The formation of intermediary products during the hydrolysis of triglycerides 
by pancreatic lipase in vitro was first demonstrated by ArtroM and REALE 
(1935). These authors digested olive oil with extracts from dog pancreas and 
estimated the acetyl value by the method of West, Hoocianp, and Curtis 
(1934) of the mixture obtained after partial hydrolysis. The hydroxyl valves 
obtained (12-1 to iC4-2) evidenced the presence of partial glycerides but gave 
no indication of the composition of the glyceride mixture. (Theoretical hydroxyl 
value for mono-, di-, and triglycerides are 315, 90, and 0.) 

Batis, MaTLack, and Tucner (1937) could find no evidence for the forma- 
tion of partial glycerides during hydrolysis of tristearine in vitro by pancreatic 
lipase in the presence of calcium ions but results of later investigators have 
confirmed the findings of Arrom and Rea.e (1935). The formation of partial 
zlycerides during pancreatic lipolysis in vilro was confirmed by Frazer and 
Sammons (1945) also using acetyl value determination. They also reported 
the isolation of monoglycerides from in vitro digests as phthalic acid derivatives. 
Detailed studies of the formation of partial glycerides during the hydrolysis 
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of triolein in vitro by pancreatic extracts and in some cases dog pancreatic 
juice under different conditions have been performed by DesNUFLLE, NaUDET, 
and Rovzier (1948) and DesNcELUE, Nacpet, and Constantin (1950, 1951). 

At pH 7 or 8 and in the presence of bile acids prepared from ox bile in a 
concentration of 0-19 per cent but in the absence of calcium ions they oltained 
a hydrolysis “génératrice de diglycérides,” i.e. the glyceride mixture consisted 
of triglycerides and only traces of glyceicl liberated during 4hr. If, further- 
more, one calcium ion was present for every fatty acid residue the hydrolysis 
was found to go further and result in an accumulation of monoglycerides. 
Total hydrolysis resulting in liberation of glycerol was still insignificant 
(DESNUELLE, NaupeET, and Rovzier, 1948). Only in the presence of high 
concentrations of bile acids (1-2 per cent) did they get a hydrolysis “‘génératrice 
de glycérol.”” In these investigations of DesNUELLE ef al. the hydrolysis of the 
free glycerides was assumed to proceed #t random and no attempts were made 
to study the configuration of the partial glycerides formed. 

ScHONHEYDER and VoLgvartTz (1952) have investigated the action of pig 
pancreas extracts on tripropionyl glycerol. They found that only 1 mol fatty 
acid was liberated per mol triglyceride. They assumed 1,2-dipropionylglyceride 
to be the end product as hydrolysis of synthetic 1,2 and 1,3 dipropionyl glycerol 
showed that the 1,2 form was not further degraded under these conditions. 

BorcGstr6M (1953) isolated the diglyceride formed in vitro by rat pancreatic 
juice from olive oil by chromatography on silicic acid and demonstrated by 
oxidation with chromic acid that the diglyceride was of the 1,2-configuration. 

As to the further degradation of the diglyceride by rat pancreatic lipase 
in vitro the isolated monoglyceride fraction in the above experiments was found 
to contain about 20 per cent of 1-monoglyceride. If the 1-monoglyceride was 
formed directly from the 1,2-diglyceride or by isomerization of the 2-mono- 
glyceride, could not be elucidated from these experiments. The results of other 
experiments using [*C] fatty acids (cf. p. 368) indicate that by pancreatic 
lipase in vitro the 1,2-diglyceride is degraded to a mixture consisting of 10 to 
20 per cent 1-monoglyceride and 80 to 90 per cent 2-monoglyceride. 

With rat pancreatic juice as enzyme source mixed with rat bile BorGsTROM 
(1952g) obtained a nearly complete hydrolysis of olive oil in vitro. In these 
experiments only negligible amounts of calcium ions were present and even 
in experiments in vitro in which pancreatic juice without bile was used for the 
hydrolysis a rapid liberation of glycerol occurred. 

Thus, in these experiments none of the striking differences in the vourse of 
the hydrolysis was found that have been observed by DesNuUELLE et al. (1948, 
1950) depending on the composition of the medium in which the hydrolysis 
was performed. 

The explanation of the differences observed in the above experiments of 
the course of the hydrolysis by pancreatic lipase in vitro is at present not 
apparent. Possibly the differences in enzyme sources used can be of impor- 
tance. Borcsrr6m used rat pancreatic juice as lipase source while DESNUFLLE 
et al. used glycerol extracts of pig pancreas but in one case these authors used 
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canine pancreatic juice. Possibly the relation of amounts of enzyme to sub- 
strate can pley a role. In the experiments in which DesnvELLE ef al. used 
canine pancreatic juice 0-4 ml were used for 1-2 gm triolein as substrate while 
BorcsTrOM used 1-25 ml rat pancreatic juice for 0-1 gm olive oil. 


d. Formation of new ester bonds during hydrolysis of glycerides by pancreatic 
lipase in vitro 
While the synthetic effect of pancreatic lipase has long been known, its oceur- 
rence during physiological conditions has not been demonstrated uutil recently. 
{n classical experiments Rona and Ammon (1932) found that in the presence 
of pancreatic lipase the same equilibrium mixture was obtained starting from 
n-butyi-butyrate or a mixture of the acid and alcohol. This and other similar 
experiments made to demonstrate the synthetic effects of pancreatic lipase 
were generally performed in organic solvents with the alcohol in large excess 
and the presence of water was found to inhibit the synthesis (cf. AmMon and 


JAARMA, 1950). 
Fapiscu (1933) was the first to report a synthetic effect of pancreatic lipase 
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Fig. 3. Hydrolysis of corn oil by rat bile pancreatic juice in the presence of a small amount 
of labelled palmitic acid. Left part: molar composition (acid/3) at differert times. Right 
part: specific activity of fatty acids of different glycerides in per cent of the activity of the 
free fatty acids present at each time (BorGsTrRGM, 1954a). 


in aqueous emulsions of oleic, palmitic or stearic acid. He used sodium oleate 
or desoxycholate as emulsifier and added glycerol and pancreatic powder. He 
then found a decrease of free fatty acids corresponding to at the most 18-5 per 
cent synthesized glycerides after 5 hr in solutions containing more than 40 per 
cent glycerol. Glycerides were, however, not isolated. 

More definite proof for the formation ef new ester bonds by the action of 
pancreatic lipase under conditions resembling those in the lumen of the small 
intestine during digestion was supplied by Borcsrr6M (1952). Ifa triglyceride 
mixed with a small amount of a labelled free fatty acid was incubated in vitro 
with a mixture of bile and pancreatic juice of rat, the glycerides became 
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labciled during the course of the overall hydrolysis (Fig. 3). It was further 
found (Borcstr6m, 1954) that during hydrolysis of triglycerides by pancreatic 
lipase under these conditions in vitro the fatty acids in 1- and 3-position in 
the glyceride molecule came into equilibrium with the free fatty acids, while 


© FREE FATTY ACID 
© TRIGLYCERIDE 

DICLYCERIDE 
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100 109 


Fig. 4. Hydrolysis of unlabelled diglyceride with rat bile pancreatic juice in vitro in the 

presence of a small amount of labelled palmitic acid. Left part: mol ar composition (free 

acids/2). Right part: specific activity of fatty acids of different glycerides in per cent of the 
_activity of the free fatty acics present at each time (Borcstrom, 1954a). 


the fatty acids in 2-position were exchanged with free fatty acids much slower. 
This incorporation of free fatty acids into glycerides during the course of the 
pancreatic lipolysis is at least partly due to a resynthesis of ester bonds from free 


(i) CH, OR HYDROLYSIS OF TRIGLYCERIDES 
(2) CHO R{H,O) By PANCREATIC LIPASE 
(3) CH, OR R=CHs-~CO— 


CHOR+ROH 
CH,OH 

CH,OH,~--» CH,OR 
ROH CHOH 
CH —_CH, 0H 

80% fy 20% 
GLYCEROL + 


Fig. 5. Scheme of hydrolysis of triglycerides by rat pancreatic lipase. 
R = CH,-CH, . . . CO—. 


hydroxy] groups and not only to a transesterification. When a 1,2-diglyceride 
was incubated under these conditions some labelled triglyceride could be isolated. 

However, if some free labelled glycerol was added in the aforementioned 
experiments no incorporation of the glycerol was observed. 


368 


; 
BS 
| 
| 
| 
[4 
246 12 24 246 24 
: hours ——+e 
3 
: 


Intestinal Absorption of Triglycerides 


The explanation of these differences is probably that the active centres of 
the lipase are in contact with the lipid phase or micelle surface at which tri- 
glycerides, partial glycerides and free long-chain fatty acids are closely packed. 
The concentration of water molecules at this region is then relatively low com- 
pared to the bulk of the system and the formation of ester bonds from free 
long-chain fatty acids and the hydroxy] of the partial glycerides can attain a 
considerable magnitude in spite of the net hydrolysis. 

The free glycerol that is distributed in the free water phase does not take part 
in these reactions nor docs butyric acid that presumabiy also remains in the 
aqueous phase, whereas stearic, palmitic, oleic, dihydroxystearic and decanoic 
acid, that form micelles, do. 

However, tne water-insolubility or the tendency to forin micelles is not the 
only factor determining the incorporation neither in vitro and in the intestinal 
lumen under the influence of pancreatic lipase nor in the intestinal cell. A steric 
factor must also be of importance as a,a-dimethylstearic acid was not incor- 
porated under in vitro conditions (BercstrOM, Borestrém, Trypine and 
Wesr66, 1954). However, the dimethy]l-stearic acid was absorbed and appeared 
in the lymph both in triglycerides and phospholipids. The formation of glycerol 
ester bonds in the intestinal cell is thus not a simple reversal of the hydrolysis 
but most likely proceeds via energy rich acyl compounds (cf. KoRNBERG and 
Pricer, 1953, and p. 382). Likewise cholanic, lithocholic, desoxycholic or 
cholic acid are incorporated at most in traces under these conditions. Here two 
steric factors are of importance as both dimethylstearic acid and the bile acids 
7+} 


are water insoluble and micelle-forming. The free bile acids are neither incor- 


porated into glyceride ester bonds in the lipase system nor into the glycerides 
or phospholipids in the cells. 


So far the incorporation of acids into glyceride ester bonds in the presence 


of pancreatic lipase tn vitro and in the intestine al content has only been observed 


with medium or long chain fatty acids that allow a relatively close packing 


in surface films. Various steric influences are clearly of importance. 


‘ION OF TRIGLYCERIDES 


V. 


ABSORPT 


INTESTINAL 


a, Composition of intestinal content after feeding fats 


Information on the intraluminar phase of fat absorption has been obtained by 
analyses of the ecntent of the small intestine removed during digestion. 

The percentage of free fatty acids found in the lipids recovered from the 
content of the small intestine during absorption of triglycerides varies widely. 
Levires (1906) found the percentage free fatty acids of the lipids from the 
contents of diffe rent parts of the sm all intestine of dog to increase successively 
from duodenum (28 per cent) to ileum 7% to 66 per cent). Frazer and Sammons 
(1945) found 39 per cent free fatty acids in the recovered lipids from the small 
intestine (of 12 rats) 16 hr after Pony administration of 2 ml olive oil to rats. 
Borcstrém (1952) found a mean percentage of 30-3 (17-6 to 42-5) for free fatty 
acids in the lipids recovered from the small intestine of rats } to 3 hr after the 
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administration of 0-75 ml corn oil. In siailar experiments on rats DESNUELLE 
and ConsTANTIN obtained the figures 15-6 to 24-3 and on two dogs 16-7 and 49-2. 

Two to four hours after feeding rats 1-5 ml of a partially hydrogenated vege- 
table oil Marrson, Benepict, Martin, and Becu (1952) found 21-5 to 35-7 per 
cent of free fatty acids in the lipids recovered from the intestinal content. 

By administration to rats of olive oil together with a solution of calcium” 
chloride an increased percentage of free fatty acids of the intestinal content 
was found by DesNvUELLE and ConsTaNTIN (1952), viz. 41-5 and 45-8 per cent 
in two experiments respectively. 

After feeding rats corn oil containing 30 per cent free oleic acid BorcstROM 
(1952g) found as a mean 39-3 per cent free fatty acids in the lipids of the 
intestinal content. The increase in the percentage of free fatty acids in these 
experiments, 9-0 per cent, compared to the experiments in which corn oil was 
fed was found statistically significant and indicates that the rate of absorption 
of free fatty acids from the small intestine must be limited. The same con- 
clusion was also reached by Mattson ef al (1954). 

That free fatty acids added in sma!l amounts to trigiycerides are absorbed 
more rapidly than the main bulk of the glycerides has been shown with the 
use of labelled acids (BorcstrROmM, 1952d,g, 1953). Fatty acids of different 
chain length fed dissolved in long chain triglyceride are absorbed with different 
rates. Short chain fatty acids are absorbed much more quickly than the longer 
chains are (BorGstRGM, 1954b). 

The composition of the glyceride mixture obtained from intestinal contents 
of animals has been studied by DesNUELLE (1951) and DesNvELLE and Con- 
STANTIN (1952), Bornastr6 (1952g, 1954b), Marrson, BENEDICT, MARTIN, and 
Becu (1952) and of man by Kuurt, Wetcu, BLium, Perry, WEBER, and 
NassEt (1952). 

The figures for monoglyceride content given by DESNUELLE (1951) and 
DESNUELLE and ConsTANTIN (1952) are too iow due to their assumption that 
2 mol 1-monoglyceride is formed for each 2-monoglyceride. Matrson, Bene. 
pict, MartIN, ard Becu (1952) showed that the monoglycerides found in 
intestinal contents from rats were almost entirely of the 2-isomer. The total 
monoglyceride content of the lipids recovered from the intestinal contents of 
rats was found to be 7-5 to 16-4 by Murrson ef al. The figures for mono- 
glycerides given by BorcstrOm (1952g), 30-9 per cent, were too high due to 
the unspecificity of the analytical method then used. Figures later obtained by 
BorGstrOm (1954b) for total monoglycerides, 5-4 to 16-5 per cent (mean of seven 
analyses 9-2 per cent), are in close agreement with the values of Marrson et al. 

The values reported by Kunrt, Weticu, BLuM, Perry, WezeER, and NassEet 
(1952) for monoglyceride content of intestinal content removed from humans 
during digestion of a fat rich meal are much higher than those found in the rat. 
In two experiments these authors found 37-6 per cent and approximately 
50 per cent of the recovered lipids to be monoglycerides, In this investigation 
no attempt was made to determine the composition of the monoglyceride 
mixture with respect to 1- and 2-monogiycerides. 
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Values for the content of di- and triylycerides in the lipids of the intestinal 
contents have been obtained for dogs by DesnuveLLE (1951) and for rats by 
DESNUELLE and (1952), Marrson, BENEDICT, Martrx, and Becu 
(1952) and by Borcstr6m (1954) by different methods. These values are well 
in agreement with each other but rather large variations are found from case 
to case obviously depending on the continuous admixing of unchanged 
glycerides from the stomach. 

In conclusion it must be emphasized, however, that much of the work referred 
to has been made on fasted anima]s and with pure lipids. Under most normal 
conditions triglycerides are only present in the intestine together with larger 
amounts of other food constituents. Considerable differences were observed 
when methyl esters were administered to fasted mice alone or when triglycerides 
cr fat-free food was given simultareously (Meap, Bennett, Decker, and 
SCHOENBERG, 1951). Systematic studies on the influence of different food 
constituents on fat absorption are apparently lacking. 


b. Incorporation of free fatty acids into glyceridcs in intestinal lumen 
The exchange of glyceride fatty acids and free fatty acids taking place on 
pancreatic hydrolysis in vitro (cf. section 4d) has also beer. demonstrated during 
in vivo conditions. If a triglyceride such as corn oil in which a small amount 
of free labelled fatty acid was dissolved was fed to rats, the glyceride mixture 
isolated frezn the intestinal content contained labelled acids (Borcstr6m, 1952g, 
1954b). An interpretation of the course and extent of this process in vivo is, 
however, rendered difficult by a continuous admixing of unchanged glyverides 
from the stomach and of lipids contained in the bile and after secretion to the 
intestinal content as well as absorpticn from the intestine. This process, how- 
ever, initiates the randomization of the fatty acids fed in glyceride which later 
is continued in the intestinal mucosa (cf. section Vd). 

Shorter chain fatty acids such as decanoic acid are incorporated to a smaller 
extent than long-chain fatty acids in this process and butyric azid fed dissolved 
in long-chain triglycerides was not at all incorporated into the glycerides in 


the intestinal content (BorGstrOm, 1954b). 


c. Composition of lipids in mucosa after feeding triglycerides or free fatty acids 
During absorption of fat from the small intestine there is a considerable increase 
of neutral fat and also of free fatty acids that can be extracted from the wall 
of the small intestine; the amount of phospholipids, however, stays relatively 
constant (Sixctair, 1929; Barnes, Mitver, and Burr, 1941; Scuuipt- 
1946; Borcstroém, 1952). 

Even if the amounts of phospholipids of the small intestinal wall is not 
changed during fat absorption, there are pronounced changes in their qualita- 
tive fatty acid composition depending on the fat being absorbed. 

This fact was first demonstrated by Srxciatr (1929) who found that the 
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iodine value of the faity acids of the phospholipids of the small intestinal wall 
changed with that of the fat fed. This finding led him to postulate that phospho- 
lipids were involved as intermediates in the resynthesis of triglycerides. Similar 
results were later obtained from experiments with elaidic acid and iodized 
fatty acids. After ingestion these acids were found in high percentage in the 
intestinal wall phospholipids; after feeding elaidic acid to cats as much as 
50 per cent of the small intestinal (mucosa) phospholipid fatty acids was elaidic 
acid (StNcLam and Sst, 1937). A much smaller incorporation was observed 
with conjugated linoleic acid (Barzes, MILLER, and Burr, 1941). The early 
development in this fieid has been reviewed by AnToM and Perorri (1935) and 
(1943). 

Earlier work with labelled phosphate also indicated an increased turnover 
of the phosphorous part of the phospholipids of the intestinal wall during fat 
absorption (Artom, Sarzana, PerRNrieR, SaNTANGELC, and SecrI, 1937; 
Rusex, and CuHarkorr, 1937; Fares, Ruspen, PrRuMAN, and 
Cuarkorr, 1938). Scumipt-NrecseN (1946) also observed an increase in the 
specific activity ef phospholipid phosphorous of the small intestine during fat 
absorption. As a similar increase was not seen after feeding glucose, Scummpt- 
NIELSEN (1946) concluded that the increased turnover of the phospholipids is 
“really a process of much importance to fatty acid uptake, perhaps essential 
in it.” However, he did not consider the increase sufficient to account for the 
conversion of all absorbed fat to phospholipids, unless this process was limited 
to a small fraction of the intestinal wail phosphoiipids. It is, however, obvious 
that the phospholipids that can be engaged in fat absorption are those present 
in the epithelial cells and thus only constitute a minor part of the total phospho- 
lipids of the intestinal wall (Fsvarncer, CoLiet, and VeracuTn, 1949; 
1929). Experiments with “P do not necessarily give any information of the 
rate of exchange of the fatty acids of the phospholipids and in the original 
hypothesis of Srxciare there is no need for an increased turnover of the phcs- 
phorous part of the phospholipid molecules. More recent experiments with 
labelled saturated acids of different chain length indicate that the intestinal 
phospholipids have a very rapid turnover of the fatty acid moities, but that 
there are differences of the extent to which different acids are incorporated inte 
the phospholipids of the intestinal wall. When triolein was fed that had been 
transesterified with 5 per cent of saturated [4C] fatty acids it was found that 
the incorporation into the phospholipids of the small intestinal wall was larger 
the longer the chain (Bercstrém, Borcstrém, and Rorrenserc, 1952; 
Borastr6m, 1952). The difference between the metabolic activity of the 
phospholipids of the entire intestinal wall and the inner part obtained by 
scraping off the mucosa is also illustrated in this work. 

The specific activity of the fatty acids of the mucosa phospholipids rapidly 
reached 70 per cent of the activity of the mixture. Corresponding value for 
the phospholipids of the total small intestine only reached about 30 per cent. 

In the former case, judging from the rate of the incorporation a very con- 
siderable part of the absorbed labelled stearic acid could have been incerporated 
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into phosphotipids during the passage through the intestinal cells from which 
it was given off into the lymph mainly as triglycerides. Favarcer et al. (1949) 
have found indications that choline-containing phosphclipids incorporated 
more than the non-choline containing. 

Summarizing the evidence so far available concerning the phospholipids in 
the intestinal mucosa, there is a certain increase of the turnover rate of the 
phosphate part, but the quantitative significance is not quite clear. There is, 
however, a very rapid exchange between the fatty acids that are transported 
through the cells and the phospholipids present and differences between 
different fatty acids have been observed. There is also a certain amount of 
net synthesis of phospholipids taking place during fat abscrption as labelled 
phospholipids are given off to the lymph while the amount in the mucosa stays 
constant. This amount is, however, generally well below 10 per cent of the 
triglycerides simultaneously given off to the lymph. 

FaVARGER (1949) and Favarcer and GerLacu (1953) have studied the dis- 
tribution of different D-labeiled acids in different parts of the washed smal! 
intestine of the rat 3 hr cfter feeding. 

The labelled acids were administered as free acid mixed with different acids 
or as triglycerides. The highest concentration of the labelled acid in the 
glycerides was generally found in the upper or middle third of the intestine. 
Feeding of a labelled triolein led to more isotope in the upper two-thirds 
whereas labelled tristearin gave the highest concentration in the lowest third. 

500 mgm of [D] palmitic acid alone gave an even distribution of labelled 
palmitic acid throughout the small intestine, but admixtures of elaidin or free 
oleic acid decreased the incorporation in the lowest third indicating that the 
absorption in the latter cases is more rapid so that less fat reached the lewer 
part of the small intestine. It has also been shown that the absorption of 
stearic acid is quantitatively quite different if it is administered in free form, 
as tristearin or mixed with an unsaturated fat (BuENsSoD and ScrrBante, 1952). 

There are thus as great differences in the rate and extent of absorplion of the 
same acid, depending on the presence of other glycerides or free fatty acids, as there 
are between different fatty acids when administered in small amounts incorporated 
into triolein. 

Quantitative studies of the physico-chemical behaviour of mixtures of differ- 
ent fatty acids, partial glycerides, glycerides and bile salts in relation also to 
the action of lipase and the rate of absorption is urgently needed in this field. 


d, Composition of lymph and lymph lipids after feeding triglycerides or free fatty 
acids 
The changes in lymph volume, lymph proteins and fat of the lymph from the 
smal! intestine during absorption of corn oil have been studied in the rat by 
Bonrestrom and (1953). 

The lymph water flow from the small intestine increases strongly after the 
oral administration of fat and it is remarkable that the maximal lymph flow 
is reached about two hours before the maximal lymph lipid flow. During ab- 
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sorption of fat the protein concentration of the lymph from the small intestine 
dves not decrease in spite of the increased lymph flow, in contrast to what is 
3eea after the administration of saline solution (SuREWsBURY and REINFEARDT, 
1952; Borcstr6m and LavuRELL, 1953). 

The electrophoretic protein pattern of the lymph from the small intestine of 
the rat is practically identical with that of the plasma and shows no differences 
in fasting or fatty lymph. : 

The fat particles of fatty lymph which on free electrophoresis move with the 
albumins (FrRazER, 1949; BorcstrOmM and LAaURELL, 1952) are strongly ad- 
sorbed to the paper by paper electrophoresis and thus can be distinguished 
from the lipid fraction in serum with the same free mobility. The concentration 
of lipoproteins cf plasma type is low in the lymph from the small intestine and 
no appreciable synthesis of such proteins seems to take place in the mucosal 
cells of the small intestine during fat absorption. 

The main part of the lipids in lymph from fasting and lipid fed animals 
occurs in a more highly dispersed state than in plasma. The fat particles in 
intestinal lymph have been shown to flocculate after addition to the lymph of 
small quantities of protamine (Brown, 1953) or toluidin blue (LAURELL, 1954), 
leaving behind a water clear almost fat free solution with no changes in the 
protein concentration as compared to the original lymph. The proteins of the 
flocculated fat particles have been studied by Laure. (1954). 

During absorption of glycerides there is a manifold increase of lymph neutral 
fat and phospholipids, the increase in neutral lipids being greater than that in 
phospholipids (SuLLMAN and WILBRANDT, 1934; Brockett, Spiers, and Him- 
wich, 1935; Fock, Cary, and Grinp.iay, 1950; Borestrom, 1952). 

After feeding 0-5 ml corn oil glycerides to unanaesthetized rats, the com- 
position of the lymph fat recovered in 24 hr from the main intestinal lympa 
duct has been found to be approximately as follows: glyceride fatty acids 
88 per cent, phospholipid fatty acids 10 per cent, and cholesterol ester fatty 
acids 2 per cent (Borcsrr6M, 1952). The distribution of absorbed labelled acids 
between these lipids is further discussed in section V(/f.) 

Experiments with labelled fatty acids indicate that some of the phospholipid 
molecules in the lymph from the small intestine during fat absorption are 
derived from plasma phospholipids (BorGsrr6M, 1952). Calculation ef how 
much of the lymph phospholipids during fat absorption originates from ab- 
sorbed fat and from plasma phospholipids respectively is rendered difficult as 
the incorporation of labelled fed fatty acids into the lymph phospholipids is 
influenced by the structure of the acids. 

That plasma phospholipids can pass capillary walls has been demonstrated 
by Reryuarpt, Fisu_er, and Cyarxorr (1944) who found that thoracie duct 
lymph of dogs served as a medium for the return to the plasma of a significant 
part of the phospholipids lost from plasma. 

It has long been a well established fact that long chain fatty acids fed as the 
free acid or as glyceride or esters of other alcohois than glycerol, as ethyl esters, 


amyl esters, cetyl esters and others, are found in the lymph from the small 
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intestine exclusively as esters of glycerol and cholesterol (cf. Munk and Rosrn- 
STEIN, 1891; Frank, 1898; Bioor, 1912; Freeman and Ivy, 1935; Bora- 
STROM, 1952). No esters of long chain fatty acids with other alcohols have so 
far been found in the lymph from the small intestine nor has intestinal lymph 
been found to contain more than traces of free fatty acids. 

Long chain fatty acids fed as such appear in the intestinal lymph of rats as 
glycerides at a slower rate than when the corresponding amounts of fatty acids 
are fed as triglyceride (DEUEL, 1953; Borcstr6Om, 1952). This is at least partly 
due to a slower emptying rate of free fatty acids from the stomach. As a con- 
sequence of this the appearance of fed free fatty acids in the lymph as glycerides 
is more prolonged than when the corresponding amounts of glyceride are fed. 
This slower and more prolonged appearance of fat in the lymph after feeding 
free fatty acids is probably the explanation of the low chylomicron counts 
observed by Frazer (1943) after feeding oleic acid to rats compared to when 
olive oil was fed. 

The composition of the fatty acid mixture of the lymph lipids in 
relation to that of the fed fatty acid mixture will be dealt with in the next 
section. 

If the bile is diverted from the small intestine of rats pronounced changes in 
the lymph from the small intestine are seen. In the absence of bile in the 
intestine the fasting lymph, normally opaque, is water-clear with a fat content 
of only at one-fifth of the normal (BorcstrOM, 1953). After feeding labelled 
fat to bile fistulae rats, only a small per ——— of the absorbed activity appears 
in the lymph (Sirerstery, Cuarkorr, and Remnuarpt, 1952; Borcstrom, 
1953) and the lymph volume and lymph fat are only slightly increased, not 
even reaching the values found for normal fasting lymph. The absence of bile 
from the intestine apparently not only interferes with the intraluminar phase 
of fat absorption but also results in a profound change in the metabolism of the 
intestinal cells. 

It is of interest in this connection that when the distribution of bile acids in 
the normal rat was investigated with [*C] bile acids, mor 
found to be present in the intestinal wall than in the liver (BeRcsTROm, 
SJ6VALL and Vottz, 1953; Berastr6mM, RoTTeENBERG and 1953), i.e. 
about 10 per cent cf the total amount ad bile acids present in the body was 
contained in the wall of the intestine against 2 to 4 per ceni in the liver. The 


remainder was present in the intestinal content. 


e. Influence of fatty acid structure on route of absorption 


1. Long chain (> C,,) fatty —_- As mentioned earlier (cf. p. 374), good 
experimental evidence had already been produced during the last century that 


fed triglycerides or other esters as wit as free oleic acid are transported mainly 
via the lymphatics as triglycerides (see especially the classical work of Munk 
et al., 1880, 1891). 

An increase in lymph glycerides after feeding oleic acid to diabetic as well 


as normal mane was also found by Freeman and Ivy (1935). In wnanaesthetized 
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dogs with lymph fistulas BoLLMan, Fiocx, Cary, and Grixpiay (1950) found 
that feeding either triglycerides or free oleic acid gave rive to a great increase 
in the lymph glycezides. 

Much experimental evidence of a more quantitative nature has accumulated 
since 1950 to sustain these early views concerning the fate of the long chain 
fatty acids. 

The first investigators to study this problem with the technique of BoLLMan 
et al. (1948) on unanaesthetized rats were Broom, Cuarkorr, REINHARDT, 
ENTENMAN, and DavuBEN (1950). 


RECOVERY OF OIFFERENT LABELLED FATTY ACIDS IN 
LYMPH LIPIDS IN PER CENT OF ABSORBED AFTER 
ADMINISTRATION IN CORN Oil 


STEARIC c-i8 a 
PALMITIC c-16 
PENTADECANOIC | 
MYRISTIC c-i4 | 4 
LAURIC 
DECANOIC 
PALMITIC c-16 | | 
OLEIC 14 c-18 | 
LINOLEIC 24 c-18 | 
DECANOIC ¢-10 

RI 
BUTYRIC 100 % 


Fig. 6. Recovery of different labelled fatty acids in lymph lipids after administration to 
rats with lymph fistulas. Upper part from Bioom et al. (1950, 1951), lower part from 
Bercstrom, BLoMSTRAND, and BorGstréM (1954), Borcstr6m (1954). 


In these experiments 0-5 ml corn oil containing about 4mgm of palmitic 
acid-1-"4C as free acid or as tripalmitin was fed by gastric intubation to rats 
with a thoracic duct cr intestinal lymph fistula. In both cases 70 to 92 per cent 
of the absorbed labelled acid was recovered from the thoracic duct lymph and 
slightly less from the intestinal lymph. 

In a later paper (BLoom, Cuaikorr, Rersparpt, and DausBey, 1951), 
recoveries of up to $7 per cent of the absorbed palmitic acid were reported. 

Similar results with different long chain (>> C'*) fatty acids on rats with 
lymph fistulas have been obtained by several authors. Reiser (1950) and 
ReEtserR and Bryson (1951) used linoleic acid with conjugated double bonds 
and Borcstr6m (1951, 1952) used palmitic and stearic acid-1-“C. Of special 
interest in connection with earlier work with oleic acid are studies with carboxy- 
labelled oleic acid (BERGsTROM, Borcstrém, and BLomsTRaND, 1954) and 
linoleic acid (BLoMsTRAND, 1954). 

In work with this technique rather large individual variations between 
different animals are observed, but the average is generally between 70 and 
90 per cent for the recoveries of the long chain fatty acids in the lymph lipids 
from a fistula in the thoracie duct or the main intestinal lymph duct. One of 
the reasons for the great variations, especially in the latter case, is undoubtedly 
the varying anatomical conditions with lymphatico-venous anastomosis, but 
even with the fistula in the thoracic duct, the individual variations froin some 
rat strains might be partly due to this cause. Several other reasons for these 
variations are also apparent. A small part of the absorbed acids is already 
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degraded in the intestinal cells. Furthermore the conditions as to the lymph 
flow cannot be expected to be quite normal in a fistulated animal even if no 
clot hes formed. It does not appear unlikely that part of the long chain fatty 
acids not recovered in the lymph is transported from the intestine via the 
portal vessels, but this seems to be only a small amount under normal con- 
ditions and it does not appear to have anything to do with the form in which 
the acid in question has been administered. It seems likely that the animals 
with the highest recoveries are most nearly approaching the normal state. 

Similar results to those on rats, referred to above, have also been obtained 
in cats by Brercstrém, Borcstrém, CaRLsTEN, and Rotrensere (1950). 
Labelled stearic acid was administered as free acid or triglycerides to cats with a 
thoracic duct fistula who remained anaesthetized during the entire experiment. 
Low recoveries were obtained but with another technique on unanaesthetized 
cats recoveries of up to 65 per cent of the labelled acid fed have been obtained 
(BercstROM, BorcstrOm, and 1954). 

Extensive data on fat absorption in humans have been obtained by Fer- 
NANDES, WEIJERS, and VAN DEN Kamer (1954) and Fernanres (1953) on a 
child who developed a spontaneous chylothorax which had to be aspirated 
through puncture from the time the child was 22 months until it was 30 months 
old, when the child was cured. ‘The child was each week given a constant diet 
that only contained one type of fat. The fat in the chyle that was aspirated 
at the end of each week was then analysed with the methods of BoLpInen 
(1950, 1953) and the fatty acid composition of the fat fed and that recovered 
from the chyle was compared (cf Table 1 on p. 381). The fat excretion in the 
faeces was also followed during the entire period. By selecting fats with widely 
varying composition, or preparing some synthetically, the absorption of satur- 
could be studied. The composition of the chyle fat very closely approximated 
to that of the fat fed when the abovementioned long chain fatty acids (> C,,), 
either saturated or unsaturated, constituted the triglyceride fat administered. 
Small amounts of stearic acid were at least as well absorbed as palmitic acid, 
but iarger amounts were not absorbed so well and led to an increased faecal 
content of stearic acid. No difference was found in the absorption of oleic, 
elaidic, linoleic and linojenic acid. This work thus confirms and greatly extends 
the work of Munk and Rosenstein (1891) on fat absorption in humans. The 
results of FERNANDES ef al. as to short chain acids is mentioned in the following 
section (p. 379). 

That the saturated long chain acids (C,, to C,.) are only absorbed to a limited 
extent is well known from earlier work. BerNuHarp (1948) has studied the 
absorption of deuterated behenic acid and it is also indicated that the double 
bond in erucic acid docs not counterbalance the influence of the chain length 
in this respect (cf. alse DeveL, CueNG, and Moreuouse, 1947). The influ- 
ence of fatty acid structure on the rate of absorpticn and the coefficient of 
digestibility has been reviewed by Deve. (1953) in an earlier volume of this 


series. 
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The work referred to earlier in this section is thus contrary to that part of 
the ‘‘pertition theory” (cf. p. 353), according to which fatty acids are absorbed 
via different routes if administered as free acids or as triglycerides. These views 
were mainly fonnded on the different chylomicrographic response after feeding 
oleic acid or olive oil to rats (Frazer et al., loc. cit.). TIDWELL (1950), however, 


70 70 INTESTINE 
oo LIVER 
oe PLASMA 
o—o SMALL INTESTINE =— 
o—o LIVER 
o—o PLASMA 
so ERYTHROCYTES $9 
MUSCLE 


hours 


o—eLiVER 20 | o—e LIVER 

o—e PLASMA o—o PLASMA 

o—o ERYTHROCYTES ERYTHROCYTES 
+——+ MUSCLE 10 


Fig. 7. Specific activity of fatty acids of triglycerides and phospholipids from different 
organs of rats that had rece.ved corn oil (0-1 ml] per sq. dm body surface) or corn/oil free 
fatty acids containing stearic acid-1-4C. (BERGsTROM, BorestrGm, and RoTrenBERG, 
1952). 


obtained identical responses when he repeated these experiments and fed free 
acids and triglycerides respectively to rats and humans; cf. also SINGER, 
Sporn, and (1953). 

It is now clear that the route of absorption in these types of experiment is 
independent of the form in which the lipids are administered. The main reason 
for these discrepancies is therefore most likely to be the different rate of absorp- 
tion from the intestine. It is well known that sizable amounts of free fatty 
acids administered to a fasting animal are more slowly absorbed than cor- 
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responding amounts of iriglycerides, but the general condition of the animals, 
length of fast, temperature, etc., might also influence the results. Corre- 
spondingly, the rate at which the newly absorbed triglycerides enter the blood 
stream from the lymph is less in the first mentioned case. The result is that 
the amount of newly absorbed fat in the blood is kept lower during the absorp- 
tion process. This is clearly indicated in the expezimeats shown in Fig. 7. 
The specific activity of the plasma triglyceride fatty acids shows a distinct 
peak during the absorption of triglycerides whereas the activity remained low 
in a corresponding exveriment when labelled free fatty acids had been adminis- 
tered (BERGSTROM, BorcsTrOM, and RoTTENBERG, 1952). As the concentration 
in the blood also depends on the rate at which the newly absorbed fat is re- 
moved into the different tissues, it is clear that the actaal concentration of 
newly absorbed fat in the blood during the absorption cannot yield much 
information as to the rate or route of fat absorption. The value of chylomicron 
counts seems unsuitable for stidies of this kind and has clearly led to erroneous 
interpretations of the absorption process (cf. also JErrzres, 1954). 

In this comnection it might also be mentioned that Frazer (loc. cit.) has 
reported differences in the distribution of Sudan IIT when this dye was dis- 


solved in free oieic acid or in olive oil fed to rats. Only in the latter case did 
the lymphatics become coloured. In the former case more dye was observed in 
tne liver. No description of the methods nor any quantitative data were given. 


AULD and NeEpuAM (1951) have fed triglyceride and oleic acid containing 
Sudan IIT to a human case of chylothorax. In the former case 20 per cent of 
the dye was recovered from the chylous fluid withdrawn from the thoracic 
cavity whereas almost none was recovered in the latter case. 

These results can possibly partly be explained by the data published by 
MoLANDER (1949) cn the absorpticn of carotene dissolved in corn oil or in the 
free fatty acids from corn oil. The amounts absorbed were in the former case 
69 per cent but in the latter only 20-8 per cent, but the absolute amounts 
deposited in the liver were similar in both cases. The main reason for theee 
differences might be that in the former case the micelles that also contain 
different glycerides have a better solubilizing power and thus carry more dye 
into the intestinal cells. Data with carotene have to be interpreted with 
caution due to the metabolic changes that take place already in the intestinal 
wall (cf. Bernuarp, 1953). This type of experiment is unsuitable for studying 
the route of fat absorption (cf. aiso VERZAR, 1948). 

It can thus be summarized that all acceptable evidence available now indi- 
cates that long chain (> C,,) acids whether saturated o- unsaturated and whether 
fed as free acids or as esters are predominantly absorted ria the lymphatics mainly 
as triglycerides and to a small degree incorporated into pAospholipids. 

2. Medium and short chain (C,, to C,) carboxylic acids—It has been known 
for a long time that the short chain acids, such as acetic, propionic and butyric, 
are rapidly absorbed from the intestine and earlier work has also indicated that 
they are transported via the portal vessels as would be expected (HuGHEs and 
Wiamer, 1935). 
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Some early work by Raper (1913) in which he fed cocoa fat to dogs and 
analysed the lymph fat is of interest in this connection. As the mean molecular 
weight of the fatty acids of the lymph lipids was considerably higher than in 
the fat fed he suggested that the lower acids were absorbed through some other 
channel than the chyle. ’ 

The work with glycerol-labelled tributyrin and triacetin (KaRNovsKy and 
Gipez, 1951; Bernuarp ef al., 1952) further indicates that these compounds 
are rapidly and completely split in the intestine. 

Bicom, CuarkorFr, and Reinnarpt (1951) have made a systematic study of 
the route of absorption of saturated fatty acids of different chain lengths in 
rats with lymph fistulas. While the acids with 16 to 18 carbon atoms as men- 
tioned were almost entirely transported via the lymphatics, acids with 14, 12 
and 10 atoms were found in the lymph in amounts decreasing with the chain 
lengths; decanoic appeared only to an extent of 5 to 19 per cent of that ab- 
sorbed. Only about 8 mgm of each acid was fed in 0-5 ml oil but Kryasov, 
Broom, and CuatkorF (1952) have later shown that the activity after hydro- 
lysis was present in the blood as an acid. The ratio between the activity present 
in the portal vessels and in the inferior vena cava was considerably greater 
than one (1-3 to 9-7). Borcstrém (1955) has extended these studies on the 
absorption of decanoic acid in the rat and analysed the distribution of the 
labelled material in the portal and inferior vena cava blood. About two-thirds 


of the activity was presert as free decanoic acid and the remainder was incor- 
porated in neutral fat and phospholipids. The concent~ation of free acid in the 


portal blood reached about 5 mgm per cent. 

FERNANDES ef al. (1953, 1954) (cf. preceding section, p. 377, and Table 1 on 
p. 381) have also studied the fate of short chain fatty acids when fed incor- 
porated into mixed glycerides given to the child with the chylothorax. The 
results agree rather closely with the work with saturated acids on rats men- 
tioned above (Bioom et al., 1951). When fats containing both short chain and 
long chain acids were fed the former appeared in the lipids of the chyle in 
progressively lesser extents the shorter the chain. When a synthetic glyceride 
was fed that contained 38 per cent caprylic acid (C,) and for the rest mostly 
oleic acid and a little palmitie and stearic acid (‘‘caprylic olive oil”), the lymph 
lipids contained only about 4 per cent caprylie acid (cf. Table 1). 

They also point out that from these data it is clear that the hydrolysis of 
the absorbed fat must have been very extersive. 

3. Substiiuted fatty acids—It was mentioned in section IV that «,«-dimethyl 
stearic acid did not become incorporated into glyceride ester bonds when 
present during hydrolysis of a triglyceride with pancreatic lipase in vitro. 

The absorption of this acid with a ["C] carboxyl group has been investigated 
by BercsTrOm, BorcstrOM, Tryprie, and (1954) on rats with lymph 
fistulas. 

When administered in olive oil it was well absorbed. It was recovered in 
high yield in the lymph lipids incorporated into bota glyceride and phospho- 
lipids in the usual proportions. When the isolated lymph triglyceridcs were 
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hydrolyzed in ritro with rat bile pancreatic juice the labelled dimethylstearic 
acid was split of very much slewer than the normal acids, resulting in a ten- 
fold concentration of this acid in the remaining glycerides. 

These experiments thus demonstrate, as expected, that the enzymic mechan- 
ism through which the ester bonds are formed in the cell is not a simple reversai 
of the overall hydrolysis of pancreatic lipase. The formation of ester bonds in 
the intestinal cells presumably takes place via CoA-S-acyl compounds formed 
at the expense of energy rich phosphate bonds as indicated by the work of 
KoRNBERG and Pricer (1953). A marked specificity was also observed in their 
work with an enzyme preparation from liver. No data are available on corre- 
sponding enzymes present in the intestinal mucosa cells. 


f. Extent of total hydrolysis and fate of glycerol during fat absorption 


1, Experiments with labelled glycerol—The extent of hydrolysis of triglycerides 
in this section is considered as the extent to which glycerol is set free during 
the absorption process. 

Recent work in several laboratories with labelled glycerol has contributed 
what appears to be the first unequivocal data as to the extent of total 


hydrolysis of triglycerides during intestinal absorption. 


It has been confirmed that free glycerol is very rapidly absorbed. About 
80 per cent of the isotopic carbon was recovered in the expired carbon dioxide 
in the following 24 hr (DorrscuuK, 1951b). 

When triglycerides or free fatty acids were administered simultaneously with 
free labelled glycerol, the latter was only incorporated to a very small extent 
into the glycerides or phospholipids present in the intestinal wall (FAVARGER 
and 1950a,b; Favarcer, CoLiet, and CHERBULIEZ, 1951; BuENsop, 
FavVaRGER, and CoLtet, 1953) nor did it appear in the lipids recovered from a 
thoracic duct fistula in amounts corresponding to more than an incorporation 
into a few per cent of the glyceride molecules (BERNHARD, WAGNER, and 
RITZeEL, 1952). More of the isotope can, however, be recovered from the liver 
glycogen and a small amount also in the liver lipids (DorRscuvuK, 1951b), 
especially when fasted animals are used (BERNHARD and WaGNER, 1952). 
Slightiy more isotope was present in the phospholipid fraction (KARNOVSKY 
and Giprz, 1951) than in the glycerides. 

Free glycerol is thus rapidly and completely absorbed via the portal system. 
It is only utilized to a very small extent for the synthesis of triglycerides or 
phospholipids in the intestinal contents or cells when free fatty acids are 
absorbed and transported from the intestine as triglycerides in the lymph. In 
this connection it might be mentioned that in the in vitro systems in which 
Borestr6m (1953) has found that pancreatic lipase causes the formation of 
triglycerides from monoglycerides, no incorporation of added free labelled 
glycerol teok place, ie. only substances forming micelles in the system take 
part in the synthesis under these conditions. Jn vivo this factor, in combination 
with the very rapid absorption of free glycerol, might contribute to the 
observed phenomenon. 
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The aforementioned data thus suggest that fed free glycerol is not utilized to 
any larger extent as precursor in the formation of triglycerides or phospholipids 
and that therefore any glycerol set free in the hydrolysis of long chain trigly- 
cerides is not reutilized for triglyceride synthesis in the intestine. 

The authors of the papers referred to below have interpreted their data under 
this assumption. 

When tributyrin or triacetin containing labelled glycerol were fed essentially 
the same results were obtained (Karnovsky and Gmpez, 1951; 
et al., 1952) as when free glycerol had been fed, indicating that a rapid and 
complete hydrolysis of these compounds takes place before they leave the 
intestinal cells. 

BERNHARD ef al. (1952) fed glycerol-labelled triolein or fat labelled both in 
the glycerol and fatty acids. Wi hen the lipids were rise in the lymph the 
labelled glycerol had been much more diluted than the fatty acid. From these 
data he could calculate that 2 minimum of 25 to 53 per cent of the glycerides 
had been totally hydrolyzed. Essentially similar results with an estimated 

ultaneously by REIsER, 


25 to 45 per cent total hy drolysis were obtained sim 
Bryson, Carr, and KvIKEN (1952) with ™C-glycerol-labelled trighpoorides in 


which the acids contained conjugated ——— bonds. They further reached the 
conclusion that the remainder of the triglycerides was broken down to mono- 
glycerides. Their siedlaalies as to the amounts of mono- and diglycerides 
formed are further discussed on p. 385. In preliminary communications, 
GipeEz and Karnovsky (1952) have reached estimates of the glycerol set free 
which are in the same range. They compared the rate of elimination of labelled 
carbon dioxide after feeding free [“C] glycerol or glycerol labelled tributyrin 


butyrin and 


or triolein. th 

35 to 55 ft é res 

100 per cent and 40 to 100 per cent respectively after 4 hr. These figures are 
based on the assumption that only free glycerol is oxidized, but the possibility 


ther sti udied 


by Reiser and WiixiaMs (1953). After feeding monopalmitin la i both in 
\ 

tne acid and glycerol moiety analysis of the lyz ph lipids ce 1 older work 


(FRANK, aes that no monoglycerides were present, but they found that most 
of the labelled acid and about a quarter of the glycerol was present in the 


lymph 


They also fed labelled rae aly 8 xyacetone and found that part of 
lled glycerol was recovered from 


1. } 


this compound had been reduced since 
the lymph triglycerides. As with the labelled monoglyceride, however, three- 


labelled dihydroxyacetone was not recovered in the lymph. 


quarters of the 
They suggested that dihydroxyacetone might serve as the precursor of glycerol 


during normal fatty acid absorption. 


Their data, however, does not support the conclusion that free dihydroxy- 
ro}. The 


published experiment only shows that the monopalmitoy] esters of these two 


acetone is a better precursor for glyceride glycerol than free glycer 
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compounds are utilized to the same extent for triglyceride synthesis during the 
absorption process. = 

Presumably blood glucose is the precursor of the glycerol of the newly formed 
triglycerides in the intestinal cells as it has been shown to be for the glycerol 
of the milk triglycerides in the rat and goat (FRENcH and Popsak, 1951; 
Popsax, GLascock, and 1952). 

2. Redistribution of fatty acids during intestinal absorption—In the preceding 
section the extent of hydrolysis has been considered from the point of view of 
the amount of glycerol set totaliy free during the absorption of triglycerides. 
Most data had been obtained by comparison of the fat administered and the 
lipids recovered from a lymph fistula, i.e. the sum of tie processes taking place 
in the intestinal lumen and in the intestinal cells was studied. 

The extent of hydrolysis can also be considered from the point of view of 
the fatty acids that during this period are set free from the glvceride ester bond 
for a longer or shorter period of time. 

The study of this process is, however, complicated by the fact that already 
in the intestinal content there is a rapid formation of glyceride ester bond, i.e. 
under the conditions of rapid overall hydrolysis the reversed reaction is not 
negligible (cf. sections IVd and Vb). However, this reaction, that proceeds in 
the intestinal content, does not concern free glycerol but only the different 
glycerides. Positions 1 and 3, i.e. the two primary hydroxyls in the glycerol 
molecules are thus rapidly equilibrated with the free long chain fatty acids 
present. The ester bond ut C, is, however, very slowly exchanged. As men- 
tioned earlier at least four-fifths of the monoglyceride that is formed under 
the infiuence of pancreatic lipase is the 2-monoglyceride. How far these 
processes have proceeded under in vivo conditions in the intestinal content is 
not quite clear and certainly varies under different conditions and in different 
animals, cf. section Va. The exchange is presumebly continued in the cell when 
a net synthesis predominates and where the mechanism of ester bond formation 
is different from that catalyzed by the pancreatic lipase as evidenced by the 
results with [C] a,x-dimethylstearic acid. This acid is not incorporated into 
glyceride ester bonds with pancreatic lipase in vitro but it appears in the tri- 
glycerides and phospholipids of the lymph (Brercstr6m et al., 1954) (cf. pp. 369 
and 380). 

The following experiment by Borcstr6Om (1952c) indicates that a practically 
complete exchange of a glyceride fatty acid can take place when triglycerides 
are absorbed. Under similar conditions experiments with glycerol labelled tri- 
glycerides indicate a total hydrolysis of only one-third to one-half of the fat 
absorbed, i.e. one-third to one-half of the labelled glycerol in relation to the 
fatty acids of the fat recovered in the lymph has disappeared. 

Three groups of rats with lymph fistula received the same mixture of corn 
oil containing about 4 per cent of cholesterol. [}*C] Stearic acid was present in 
corresponding amounts in each mixture but in different form (cf. Fig. 8). 
In mixture (1) the labelied acid was incorporated into glyceride ester bonds by 
transesterification; in mixture (2) the acid was dissolved in free form and in 
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(3) it was present esterified with cholesterol. When the distribution of the 
labelled acid in the lymph lipids was investigated it was found that the dis- 
tribution was approximately the same in each group, i.e. roughly about 88 per 
cent in the neutral fat, 10 per cent in the phospholipids and the reraainder 
as cholesterol esters. The specific activity of she fatty acids from these 
ditferent lipids was also found to be roughly identical between the three 
groups. 

This indicates, for example, that when a small amount of free labelled acid 
is given dissolved in triglyceride this acid is diluted to the same extent as when 
the same acid was given incorporated into glyceride ester bond at the feeding. 


OISTRIBUTION OF REL. SPEC. ACT. 
DISTRIBUTION OF ACTIVITY IN OF LYMPH LIPID 


('4C) STEARIC ACID LYMPH LIPILS F.A 
IN MixTURE FEO 100 


CH- EST CH-EST 

Pe 


Fig. 8. Distribution and specific activity of fatty acids of glycerides, phospholipids and 
cholesterol esters in the lymph after administration of labelled stearic acid (1) incorporated 
into corn oil, (2) dissolved as free acid in corn oil and (3) esterified with cholesterol. 
(Borcstrém, 1952c.) 


The results of group 3 furthermore indicate tnat the cholesterol esters must 
have been totally hydrolyzed during the precess of absorption as the labelled 
acid is distributed in the same way whether fed as cholesterol ester or in free 
form. Total hydrolysis in this case again does not signify that all the cholesterol 
ester is totally hydrolyzed at one time but the possibility of an exchange at the 


active centre of the enzyme is also possible. 

REISER ef al. (1952) have made a different type of experiment. They fed a 
mixture of an unlabelled saturated triglyceride (bayberry tallow) and a tri- 
glyceride synthesized from [“C] glycerol and conjugated linoleic acid. The 
lymph fat was then subjected to a crude fractionation with alcohol-acetone at 
5° in which the triglycerides containing two or three saturated acids are rela- 
tively insoluble and the content of labelled glycerol respectively of conjugated 


linoleic acid was determined. When equal amounts of the two fats had been 
fed, they estimated that 40 per cent of the triglyceride had been totally hydro- 
lysed as calculated from the dilution of the labelled glycerol in the lymph 
lipids. 

When the “saturated” and “unsaturated” glyceride fractions were analysed 
they found both the content of linoleic acid and also that of labelled glycerol 
to be lower in the “saturated” fraction. This indicates that the exchange in 
this case had not been complete but that presumably part of the 2-mono- 
glycerides had not been totally exchanged. Retser ef al. estimated that the 
glyceride molecules that had not been totally split had keen mainly degraded 
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to monoglyceride, i.e. 80 per cent of the glyceride ester bonds had been hydro- 
lysed during the absorption process when a total hydrolysis of 40 per cent of 
the triglyceride molecules had taken place. The occurrence of an exchange of 
free fatty acids and glyceride fatty acids in the lumen of the small intestine of 
section Vb makes the calculations of Reiser ef. al. (1952) invalid as to the 
species of glycerides absorbed. 

The work reviewed in this section has to be extended in various directions 
to make more exact calculations possible. It is, however, clear that even if 
total hydrolysis in the sense of liberation of glycerol is limited in long chain 
glycerides, the remaining part of the triglyceride is very extensively degraded. 
Differences must again be expected to be found between different fats and 
different animals. 


VL Isrestrvat ABSORPTION OF HYDROCARBONS, ETC. 


The results of studies on the absorption of hydrocarbons have played an 
important role in the development of theories on the intestinal absorption of 
triglycerides. 

Earlier investigators were of the opinion that hydrocarbons such as liquid 
paraffin or vaseline could not be absorbed (Hrnriques and Hansen, 1900; 
Boor, 1913). However, BrapLey and Gasser (1911) claimed to have 
a sizable percentage of hiiglinniatana from the lyimpk lipids after feeding a 
mixture of olive oll and petroleum oil to dogs. The data in BLoor’s (1913) 
paper also indicate that some absorption did take place. 

The first real evidence that the hydrocarbons in liquid paraffin are absorbed 
when preeiaietaren with the food to rats and pigs was supplied by CHANNON 

and his collaboraters (CHaNNon and CoLirson, 1928, 1929; CHannown and 
hie, 1934; Ex. Manpi and Cuannon, 1935) and they also found that the 
abscrbed hydrocarbons had apparently been metabolized in the body. A com- 
prehensive study on intestinal absorption of different paraffin oils in rabbits, 
guinea pigs and rats has been published by Stryker (1941). 

The issue was definitely settled by Sretrex (1943) who fed rats with deuter- 
ium labelled hexadecane mixed into the fat of the diet. He confirmed that it 
was absorbed to « considerable extent and further isolated deuterated fatty 
acids from the body of the animals, proving that the hydrocarbons had been 
metabolized, presumably by w-oxidation. 

These findings are, in principle, confirmation of ToierreLpER and KLENK’s 
(1924) demonstration that phenyl substituted hydrocarbons are w-(methyl)- 
and f-oxidized in the animal body. 

It was thus definitely established in 1943 that hydrocarbons could be ab- 
sorbed when supplied with the diet and that the absorbed hydrocarbons were 
extensively metabolized in the body. 

Frazer, Scovutman, and Stewart (1944) reported that liquid paraffin could 
be absorbed by fasting rats provided it was introduced directly into the upper 
small intestine as an emiuision with particles less than 0-5u in diameter. 
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LunpBack and Maatée (1946) were unable to reproduce these results. That 
a considerable part of paraffin oil is absorbed when fed to rats was also shown 
by MotanpDer (1949). That paraffin is absorbed fairly readily in the rat when 
administered dissolved in glycerides has again been confirmed (Frazer, 
Farencu, Sammons, and Dayter, 1951). 

A systematic study of the absorption of deuterated straight chain hydro- 
carbons has been made by BernuarD ef al. (1952), BerNnarp (1953) and by 
Gioor (1953). They followed the absorption and metabolism of C, to Cy, 
hydrocarbons and also analysed the hydrocarbons present in the lymph lipids. 
When the hydrocarbon was administered in a 20 per cent solution in olive oil, 
they recovered about 20 per cent of the hydrocarbon in the lymph. The presence 
of labelled fatty acids could not be demonstrated in the lymph, but a dehydro- 
genation-hydrogenation was indicated to have taken place during the passage 
through the intestinal mucosa since a considerable reduction of the isotope was 
demonstrated when i,2-deuterated hydrocarbons had been fed. A further 
extensive metabolism with w- and £-oxidation was also shown to take place in 
the body (cf also p. 386). 

As to the absorption of hydrocarbons it is clear that a considerable absorption 
can take place. The extent is dependent on the properties of the hydrocarbon, 
the way in which it is supplied (dissolved in triglycerides, etc.). Presumably 
no absorption takes place in the absence of bile as is known to be the case for 
cholesterol. There are indications that even saturated hydrocarbons are already 
attacked metabolically to some extent during the passage through the intestinal 
cells. 

A neutral, lipid soluble compound that is extensively metabolized during 
passage through the intestinal cells is cetyl alcohol. It was known by STETTEN 
and ScHOENHEIMER (1940) that it was well absorbed by rats and that part of 
it could be recovered as palmitic acid from the body. 

Recently Bromstraxp and Rumpr (1954) have extended these studies with 
cetyl alcohol-1-"C, which was fed to rats with lymph fistulas. More than 
50 per ceat of the absorbed activity was recovered from the lymph lipids. Only 
about one-tenth was present as unchanged free cetyl alcohol whereas the 
remainder had been oxidized to palmitic acid which was incorporated into 
lymph triglycerides and phospholipids in the proportions characteristic of this 


acid. 
This oxidation is thus already mostly taking place in the intestinal cells and 
again gives an indication of the intense metabolic activity in these cells. 


ADDENDUM 

The views on the structure of the intestinal mucosa and especially of 
the “cannals of Baker” of the inner border of the cells have played a promin- 
ent part in the discussions on the fat absorption mechanism (FRAZER eé al., 
loc. cit.). 

As new experimental evidence has accumulated recently we have asked two 
experts in the field to write a short summary on the subject. 
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VII. Srructcure or INTEstTrxaL Mucosa 


by F. Sjéstrand and H. Zetterqvist 
Department of Anatomy, Karolinska Institutet, Stockholm, Sweden * 


Since the first observations of a striated appearance of the so-called striated 
border of the intestinal epithelium cells two interpretations have been discussed. 
According to Funke (1855) and K6.irker (1856) the striations are due to 
minute cylindrical canals penetrating a thick cell membrane. BRETTAUER and 
Sreracu (1857), on the other hand, considered the striations as due to minute 
rod-shaped structures. 

According to the light microscopic analysis by J. R. Baker (1942) the 
border of the cells consists of a continuous layer perforated by spindle-shaped 
canals, 

Electron microscopic studies (GRANGER and R. F. Baker, 1949, 1950) on 
sections have revealed that the striated border consists of 80 my thick and 
620 my long cylindrical processes oriented perpendicularly to the cell surface. 
Similar observations were made by Datton ¢f al. (1950). The resolution of 
these electron micrographs was not sufficient to make the cell border stand out 
as a separate well-defined structure and no definite conclusions could be drawn 
as regards the relations of these processes to the cell membrane at, for instance, 
their base. The authors concluded that the processes extended through the 
cell membrane from an opaque region in the interior of the cells. 

In electron micrographs at higher resolution of ultra-thin sections (SJOSTRAND 
and ZETTERQVIST, 1954) it has been possible to observe the cell membrane and 
thus to clarify further the organization of the striated border. The cell mem- 
brane at the free surface of the intestinal epithelium celis in the small intestines 


of the mouse appears as a double line The total thickness of the cell membrane 

is about 120 A, the thickness of the dark lines about 45 A and the width of the 
space in between these lines about 30 A. It might tentatively be proposed that 


this double appearance presumably is due to the cell membrane being composed 
of two protein layers separated by a lipid layer as suggested for the similar 
structure appearing in the mitochondria (SzéstranpD, 1953; SJs6sTRaNnpD and 
Ruopr, 1953, ef Figs. 9-12). 

In these pictures it can be demonstrated that the cylindrical processes 
represent finger-like extensions of the cell membrane and that they do not 
penetrate the cell surface to reach the interior of the cell. The processes are 
covered by the cell membrane ail over their surface, no pores or discontinuities 
being observed. The interior of the processes consists of a cytoplasm containing 
a vaguely defined longitudinal fibrillar structure of minute dimensions. At the 
base the cytoplasm of the processes seems to extend into the cell forming 
“roots” characterized by a somewhat higher opacity than the surrounding 
cytoplasm of the cell body and with diffuse outlines. On thicker sections these 
extensions form an opaque continuous layer in the apical part of the cells, a 
fact that explains the observations made by GRANGER and R. F. Baker, 

From a functional point of view it is important to consider that the cell 
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Fig. 10. Transversal section through the striated border of the intestinal epithelium of 
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the mouse jejunum. The transver illy eut processes are bounded by a dé ible-edged 


membrane. Magnification « 137000. and ZeETTERQVIST, 1954.) 


Fig. 11. Seetion through the basal part of the striated border of the intestinal epithelium 

of the mouse jejunum. The eel) inembrane forms a continuous boundary on the processes 

as well as between their bases. Magnification « 92000, (SadstTRAND and ZETTERQVIST, 
1954.) 
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Fig. 12. Longitudinal section through the tips of the striated border processes, je)unum, 


mouse. At the tips the processes are bounded by the double-edged el] membrane. Magnifi- 


cation 97000. (SsdsTRAND and ZeTTERQVIsT. 1954.) 
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surface is continuously coated by a very well-defined cell membrane and that 
no pores or holes in the membrane are present. 
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1. INTRODUCTION 


BEFORE one may discuss the metabolism of the steroid hormones it is necessary 
to know what compounds belong in this classification. This involves the 
establishment of both chemical and physiological criteria. Although the term 
“steroid hormone” has been applied to substances secreted by the interstitial 
sells of the testis, the ovarian follicle, the corpus luteum, the adrenal cortex, 
and the placenta, it is only in the last five years that any compound has been 
clearly established as such, and in the case of the ovarian follicle the evidence 
is not yet conclusive. 

To understand the reasons for this, one must consider what is necessary to 
establish a compound as belonging to this class. Chemically, the compound 
raust be demonstrated to contain the perkydrocyclopenta (a) phenanthrene 
nucleus characteristic of the sterols. Physiologically, the compound must be 
demonstrated to be formed in an endocrine gland, secreted into the blood stream 
by the gland, and to have a physiological action which is lacking when symp- 
toms of glandular deficiency develop. By the end of 1937 compounds had been 
found in each of the organs mentioned which met all of the criteria except the 
evidence that they were actually secreted into the blood. This required the 
development of micro techniques which have only recently become available. 

Since a consideration of steroid hormones and their metabolism involves the 
use of names to indicate structure, a brief description of structural nomenclature 
vill help in orientation. In Fig. 1 the perhydrocyclopenta (a) phenanthrene 
nucleus with the side chain as in cholesterol (cholestane) is given with the 
carbons numbered. The numbers in heavy type indicate the positions most 
commonly involved in biological reactions. The angular methyl groups 18 and 
19, attached to carbons 13 and 10 respectively, lie on the same side of the 
plane of the molecule and are used as reference groups for stereochemical 
designation. All groups cis to the angular methyl groups are designated “B,” 
while those trans to the methyl groups are “‘x.” 

The relations of rings B: C and C: D are constant in the steroid hormones 
and their products, but the union of A: B may occur with the H atom at 
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carben 5 in either « or 8 position. This gives rise to two basic types for each 
carbon skeleton, each having its own root name. 

During the development of steroid chemistry names were given before the 
structural relationships were known. Recently a conference was held to 
zttempt a systematization of steroid nomenclature (Ciba Foundation Con- 
ference, 1951). The recommendations of this conference have been followed in 
this review with certain exceptions. When an epimer of a compound having an 
accepted trivial name is referred to, the prefix epi- is used, e.g. androsterone 
and epiandrosterone. The established designation “etiocholane” has been used 
for the nucieus resulting from removal of the side chain instead of the recom- 
mended “‘testane”’ because the latter implies an association with the testis. 


Fig. 1. Chelestane, showing numbering of carbon atoms. Bold face type indicates 
position frequently involved in the hicchemical reactions. 


Lastly the designations for unsaturated compounds have been written with the 
position of double bonds indicated before the name, e.g. 5-pregnen-38-ol-20-one, 
instead of the recommended preg-5-en-3f-ol-20-one which is hard to 
pronounce, 

In 1929 Dotsy et al. and BureNnanvt independently isolated estrone (I; 
Fig. 2) from the urine of pregnant women, This compound produced estrus in 
ovariectomized animals and caused physiological changes in ovariectomized 
women simulating the first half of the menstrual cycle. It was therefore called 
an estrogen. In 1930 Marrqan isolated estriol (II). By 1933 Butenannrt et al. 
had estabiished the perhydrocyclopenta (a) phenanthrene nucleus in estrone 
and estriol. In 1935 MacCorqvopbate et al. isolated estradiol (III) from an 
extract of hog ovaries, a compound which had been obtained previously from 
estrone by reduction of the ketone group (ScHWENK and HILDEBRANDT, 1933). 
They found that estradiol accounted for most of the estrogenic activity of the 
ovarian extract; the balance «ppeared to be due to a compound which re- 
seinbled estrone chemically and physiologically but which wes not obtained in 
crystalline form. The final criterion, that of secretion, has not been clearly 
proved for either of these steroids, however. 

Urine did not prove to be a source of the lipid hormone of the corpus luteum 
which caused the progestational changes in the uterus, but in 1934 four different 
laboratories (ALLEN and 1934; BetTeNanpT and WESTPHAL, 
1934; Srorra et al., 1934a; Hartmann and Werrsters, 1934) succeeded in 
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isolating the highly active compound progesterone (IV) crom hog corpora 
lutea. Very shortly thereafter, the structure of progesterone was established 
by Storra ef al. (1934b). The steroid was isolated from adrenal cortex extracts 
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Fig. 2. Steroid hormones and historically related compounda. 
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in 1938 by Beatt and Reicuster. Its isolation from placentae was not 
achieved, however, until 1952 when Satuanicx ef al., PEARLMAN and CERCEO, 
and DiczFaLusy independently announced its separation. 

Butt et al. (195ib) reported that a compound which moved on their chroma- 
tographic column like progesterone and which gave an ultraviolet absorption 
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peak at 240 my, similar to that for an «.8 unsaturated ketone, was found in 2 
out of 5 samples of human placental blood. It was not found in the general cir- 
culation. PEARLMAN and Tomas (1953) have confirmed these observations. In 
1952 Epcar reported that paper chromatography of an extract of ovarian vein 
blood of sheep yielded a spot which moved in the particular solvent system 
like progesterone, was an a, unsaturated ketone, and did not contain any 
alcohol groups. No such spot was found in peripheral venous blood. While 
the evidence is not conclusive, it seems highly probable that progesterone is 
secreted by the ovary of the sheep. Since it has been isolated from a number 
of animal sources, including human placenta, and since no other compound 
having a similar degree of progestational action has been found in natural 
products it seems highly likely that progesterone is the progestational hormone 
secreted by the corpus luteum and placenta in most, if not all, species. 

In 1931 BuTeNaNDT isolated crystalline androsterone (V) from human urine, 
and Ruzicka ef al. (1934) proved its steroid character by synthesis from chol- 
esterol. The androgenic material in extracts of bull testes showed different 
chemical characteristics, however, and in 1935 Davip ef al. obtained pure 
testosterone (VI) from this source. In the same year both BuTEeNanpT and 
Haniscu (1935), and Ruzicka (1935) succeeded in synthesizing this compound 
from cholesterol via dehydroepiandrosterone (XX]I). 

Conclusive evidence of the nature of the secretory products of the testis has 
only recently been found, however. West et al. in 1952 reported the isolation 
of testosterone and 4-androstene-3, 17-dione (VII) from the spermatic vein 
blood of dogs. They demonstrated that the amounts were much higher than 
in the general circulation. In the same year Savarp and co-workers (1952) 
introduced C"*-acetate into fluid perfused through a human testis, and obtained 
testosterone and androstenedione labelled with the isotope. Bravy (1951) had 
already reported that slices of rabbit, dog, pig and human testis incubated with 
C'-acetate yielded testosterone-C' as determined by migration in paper 
chromatography. It seems fairly well established, therefore, that 4-androstene- 
3,17-dione and testosterone are both testicular hormones. 

The hormones of the adrenal cortex which control the physiological functions 
peculiarly associated with that tissue were the last to be isolated but the first 
to be established as hormones. A wide range of compounds, all demonstrated 
to be steroid derivatives, were isolated from adrenal extracts by REICHSTEIN, 
by Kenpaut and Mason and by WINTERSTEINER and PrirFNER during the 
years 1936-38 (ReICHSTEIN and SHoppPeE, 1945). Among these were andro- 
genic compounds, estrone, progesterone, and several steroids with no cbvious 
physiological activity. But in addition, there were desoxycorticosterone (IX) 
which showed high activity on electrolyte balance, corticosterone (X) which 
had both metabolic and electrolyte effects, and cortisone (11-dehydro-17a- 
hydroxycorticosterone, XI) and 17«-hydroxycorticosterone (XII) which were 
most active metabolically. 

Voct (1943) showed that adrenai vein blood contained a lipid substance 
which would protect adrenalectomized rats against cold. The amounts were 
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much higher than in peripheral blood and rose on the injection of adreno- 
corticotropic hormone of the pituitary gland (ACTH). 

HecuTer et al. (1949) perfused cow adrenals and were able to demonstrate 
increased metabolic effect with lipid extracts of the perfusate, particularly 
when ACTH was added. They were able to isolate a number of hormonally 
active steroids from this material. In 1950 NeLsown et al. reported the isolation 
of 17a-hydroxycorticosterone (compound F) from the adrenal vein blood of degs 
injected with ACTH. Shortly thereafter, Reicu ef al. (1950) succeeded in 
isolating, in addition, small amounts of corticosterone from this source. No 
cortisone could be identified. 

Rusu (1953a) also studied the steroids in the adrenal vein blood of different 
species and found a marked variation. In most species 17a-hydroxycorti- 
costerone was the major hormonally active component, but in the rat corticos- 
terone was present in greatest amount. He also identified small amounts of 
11-dehydrocorticosterone (XIII) and, occacicnally, cortisone in the adrenal 
venous blood of some species. The relative concentrations of the different 
steroids in a given species were generally maintained during stimulation with 
exogenous ACTH. In summary, then, it may be concluded that 17a-hydroxy- 
corticosterone and corticosterone have been established as hormones of the 
adrenal cortex, their relative importance varying among different species, 
and that cortisone and 11-dehydrocorticosterone may be secreted in small 
amounts. 

It was observed by PFirFNER ef al. (1935) that a fraction which they could 
only obtain from adrenal extracts in amorphous form was much more active 
in maintaining the life of adrenalectomized dogs than 11-desoxycorticosterone, 
the most active crystalline compound then known. Recently Grunpy et al. 
(1952), using paper chromatographic methods, were able to demonstrate the 
presence of a substance in adrenal extracts more polar than desoxycorticosterone 
which had very high electrolyte activity. This same substance was demon- 
strated by Srpson et al. (1952) to be present in adrenal vein blood but could 
not be found by their technique in peripheral blood. This <lso, then, appears 
to be a hormone secreted by the adrenal cortex. It has been obtained in crys- 
talline form by Smpson ef al. (1953) and by Matrox et al. (1953), and its 
structure has recently been established by Srmpson ef al. (1954), who have 
given it the name aldosterone (Xa). This appears to be the major hormone of 
the adrenal cortex affecting electrolyte metabolism. 

In 1951 Gassner et al. reported the preparation of a fraction from bovine 
adrenal vein blood which gave the reaction of a 17-ketosteroid and was andro- 
genic. The fraction was not measurable in the general circulation. In the 
adrenal vein blood of rats ana some cats Bus (1953a) found 4-androsten-11/- 
ol-3,17-dione (118-hydroxyandrostenedione) (VIII). SatamMon and DoBrinrer 
(1953) isolated this compound from the urine of a patient who kad been 
treated with large amounts of ACTH, and Romanorr et al. (1953a) isolated it 
from human adrenal vein blood. Since «,8 unsaturated ketonie steroids are 
not usually produced outside the endocrine system it seems probable that 
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- 4-androsten-11f-ol-3,17-dione is also secreted by the human adrenal. Such sub- 
stances, then, also appear to be secretory products of the adrenal glands. 

On the basis of the evidence reported, therefore, we may consider that we 
are talking about reactions related to the following compounds when we dis- 
cuss the metabolism of the stezoid hormones: estrone, estriol, estradiol, pro- 
gesterone, testosterone, 4-androstene-3,17-dione, corticosterone, 17a-hydroxy- 

corticosterone, 17x-hydroxy-18-aldocorticosterone (aldosterone), and certain 
11-oxy-17-ketosteroids. 

As with all reviews in an active field, this will probably be out of date by the 
time it appears in print. Undcubtedly some of the uncertainties cited above 
will have been resolved, and other compounds will have been added to the list 
of steroids secreted by the endocrine glands. 


II. Tue BrosyNTHESIS OF THE STEROID HORMONES 


Although there are many gaps, the general pattern of the biosynthesis of the 
steroid hormones is emerging. The outstanding feature of this pattern is its 


similaritv in the different tissues. A common basic sequence appears to be 
followed, the differences being only in the later stages of formation where the 
relative activity of an enzyme system determines the ultimate product of the 


gland. The similarity in the early steps of synthesis may be a reflection of the 


common origin of these steroid-fcrming tissues from the region of the genital 


ridge. 


A. Acetate as a precursor of the steroids 


The basic role of the two carbon fragment in the formation of the steroid 
nucleus is brought out by the numerous studies on the synthesis of chol- 
esterol (XIV), to which the laboratories of BLocu, Gurin, and CuatxorFr have 
been particularly important contributors. That the same is true for the steroid 
hormones is indicated by the demonstrations that acetate can be incorporated 
into the adrenal hormones, the testicular hormones and the estrogens. Whether 


the incorporation in the hormones is via cholesterc] has not as yet been clearly 


determined. 
While the extensive literature on the synthesis of cholesterol will not be 


reviewed here, it is pertinent in view of the possible intermediate role played 
by this sterol to notice the extent to which the acetate group appears directly 
involved in its formation. 

The work of BLocn’s group on liver cholesterol has been the most exhaustive 
on mechanism of synthesis. These workers (Lirrte and Buocu, 1950; Biocna, 
1951) incubated liver slices with 2-C',1-C'4-acetate and determined the ratio 
of methyl to carboxyl carbons in the entire molecule, the side chain and the 
nucleus of the cholesterol which was isolated. The respective ratios were 1-27, 
1-08, and 1-48. The distribution of methyi and carboxyl carbons in the chol- 
esterol molecule which would most nearly fit these, assuming tht all carbons 
came from acetate, would be respectively 15/12 (1-25), 10/9 (1-11), and 5/3 
(1-67). The ratio of 1-25 in the entire melecule was confirmed by Brapy and 


Gurin (1951). 
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Litt.e and Buocn and Wuerca ef al. (1952) were able to determine the type 
of isotope in each of the carbons of the side chain and in the angular methy] 
groups of the nucleus. Carbons 21, 22, 24, 26 and 27 of the side chain, as well 
as the two angular methyl carbons and carbon 17 of the nucleus, were from 
the methyl carbons of acetate; carbons 10, 20, 23 and 25 were from carboxyl. 
This would fit with the concept of an alternation in the main sequence with all 
the angular groups being derived from methyl. Such a scheme would fit the 


il 
1M 
li 
M M XV 
Cholesterol 
Natural Squa/ene 


M = from methyl C of acetate 
C frencarboxylG= 


7-dehkydrocholesterol HO H 


7-Cholestenol HO 0 
7-ketocholesterol 


Fig. 3. Compounds possibly involved in synthesis of steroids from acetate. 


ratios postulated. This work also indicated that all the carbons of cholesterol 
originated from acetate since the concentration of isotope in a specific carbon 
was the same as that calculated from the concentration of the isotope in the 
whole molecule and the number of carbons postulated as derived from the 
carbon of acetate which was so labelled. 

The sequential relationships in the ring structures themselves have been 
difficult to establish. Recently, however, Cornrortu et al. (1953 a,b,c), using 
a new degradation, were able to determine the origin of the carbons in ring A 
and carbon 19. Woopwarp and Biocu (1953) determined the source of carbon 
13. The results fit with the hypothesis of distribution already cited. Fig. 3 
gives the source of the carbons which have been identified. 
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The regular pattern of distribution of acetate carbons led BLocu (1951) to 
consider that cholesterol might be formed from the iscprenoid hydrocarbon 
squalene (XV) as originally postulated by Caannon (1926). Lancoponw and 
Biocy (1952) tested this hypothesis experimentally. They first fed squalene 
from shark livers to rats, together with isotopic acetate, and isolated isotopic 
squalene from the livers, indicating mammalian synthesis. They then showed 
that this isotopic squalene was used more efficiently for cholesterol synthesis 
than was any other precursor thus far tried. Synthetic squalene, a different 
isomer, was not effective (LaNGpon and Boca, 1953a). 

The specific relation of the natural isomer of squalene to cholestero] synthesis 
in the liver has received support from the experiments of CHAIKoFF’s group. 
SRERE (1951) found that the simultaneous feeding of natural squalene decreased 
the incorporation of acetate into cholesterol in the rat liver. Lancpon and 
Biocu (1953b) and Tomxrss ef al. (1953) confirmed this and showed that the 
synthetic isomer had no effect. If squalene itself is not the direct precursor of 
cholesterol, some closely related compound must play such » role. 

Lanapon and Biocu (1953c) also tried out other possible precursors of 
cholesterol in the competitive feeding test. 7-Dehydrocholesterol (XVI), found 
in skin (GLOVER et al. 1952), and 7-cholestenol (X VII), found by Frzser (1951) 
associated with cholesterol in most tissues, acted as marked inhibitors of 1-C**. 
acetate incorporation in hepatic cholesterol. At the same time, as with natural 
squalene, total cholesterol was increased. When Lanepon and Bioca (1953c) 
fed squalene, 7-cholestenol accumulated in the liver. They think, therefore, 
that 7-cholestenol may be an intermediate between squalene and cholesterol. 

West ef al. (1952) found, in addition to the testicular hormones, a relatively 
high concentration of 7-ketocholesterol (5-cholesten-3° ol-7-one, XVIII) in 
spermatic vein blood. Perhaps this represents another intermediate in steroid 
synthesis. 

The use of isotopes has also made it possible to establish acetate as a pre- 
cursor of the adrenocortical hormones, the androgens and the estrogens. The 
conversion has been demonstrated in the adrenals and testes and indicated in 
the ovaries. The formation of progesterone from acetate in the corpus luteum 
has not yet been reported but probably will be in the near future. 

ZAF¥ARONI et al. (1951) verfused bovine adrenals with 1-C"-acetate and 
ACTH and found the isotope incorporated in all the adrenal steroids isolated. 
Haines et al. (1951) incubated adrenal slices with labelled acetate and ACTH 
and found radioactivity in 17-hydroxycorticosterone. After incubating testis 
slices with isotopic acetate, Brapy (1951) added testosterone, extracted the 
mixture, and chromatographed the extracts on paper. Radioactivity was 
present in the testosterone and cholesterol spots. Savarp and co-workers 
(1952) perfused human testes with solutions containing radicacetate end 
obtained radioactivity in testosterone and 4-androstene-3.17-dione isolated 
from the perfusate after addition of unmarked carrier steroids. 

WERTHESSEN and co-workers (1953) perfused sow ovaries with radioacetate. 
They found small amounte of radioactivity in recrystallized estrone and 
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estradiol after the addition of carrier material to the extracts. The activity 
was so low, however, that the danger of slight contamination left the conversion 
open to some question. Hearp ef al. (1954) isolated estrone, equilin and 
equilenin from the urine of a pregnant mare after injection of 1-C'-acetate. 
All three estrogens were radioactive. This appeared to be limited to the alicyclic 
carbons, indicating a different source for the aromatic rings. 

Thus the evidence is good that the two carbon group is the basic unit in the 
formation of all those steroids, hormonal and non-hormonal, where this process 
has been studied. Whether the arrangement of acetate carbons in the steroid 
hormone molecules is the same as in cholesterol remains to be determined. 
Certain substances appear to be intermediates, or closely related thereto, in the 
synthesis of cholesterol, but their relation to steroid hormone synthesis has not 
yet been studied. 


B. Cholesterol az a precursor of the steroid hormones 


The concept that cholesterol is the precursor of the steroid hormones arose 
as soon as their steroid character was established. The hypothesis is sup- 
ported by evidence that all of the endocrine tissues producing these hor- 
mones which have been investigated synthesize cholesterol from acetate: 
that the concentration of cholesterol undergoes changes associated with hor- 
mone secretion; and finally, that isotopic cholesterol can be converted into 
steroid hormones by perfusiun through the adrenal cortex. Whether cholesterol 
is an essential intermediate in steroid kormone synthesis, however, has not been 
established. 

SRERE, Cuarkorr, and DavuBEN (1948) reported that acetate is incorporated 
into cholesterol by adrenal slices. Brapy (1951) found isotope in cholesterol 
isolated from testis slices after incubating with 1-C*-acetate, and WERTHESSEN 
et al. (1953) found isotope in cholesterol of ovaries perfused with isotopic 
acetate. Popsak and Tietz (1953) obtained as active incorporation of 
acetate into cholesterol by the ovarian membranes (theca interna and granu- 
losa) as that obtained with liver slices. HEArp ef al. (1954) found incorporation 
of isotope into the cholesterol of the foetal placenta after injection of 1-C"*- 
acetate into a pregnant mare. It seems, therefore, that the synthesis of chol- 
esterol from acetate occurs readily in the tissues where steroid hormones are 
formed. 

Changes in the concentration of cholesterol in the adrenal cortex and ovaries 
appear to be related to alterations in the rate of secretion of the steroid hor- 
mones by these tissues. The most striking change is in the adrenal cortex, 
probably because hormone secretion from this tissue undergoes the most rapid 
fluctuation. Laicnet-Lavastrxe in 1918 called attention to the fall in adrenal 
cholesterol when patients died after prolonged motor activity. He noted that 
individuals dying of the same conditions but without any sustained period of 
activity showed less reduction. It required another 26 years before the signifi- 
cance of this observation was appreciated. In 1944 Sayers et al. confirmed 
this change; in addition, they demonstrated that the cholesterol level of the 
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rat adrenal fell aiter injection of ACTH and that the fall was proportionate to 
the dose. Lone (1947), therefore, looked upen this as the precursor of the 
adrenal steroids released under the influence of the tropic hormone. Vestusxe 
and Lata (1951) incubated adrenal homogenates in the presence of added 
cytochrome ¢ and diphosphopyridine nucleotide, and found that cholesterol 
decreased while a compound which moved in a paper chromatographic system 
like 17-hydroxycorticosterone increased. This result also fits with the theory 
of cholesterol as a precursor but does not prove that cholesterol was the source 
of the hormone formed. 

Isotope experiments prove that cholestercl can be a precursor of the non- 
benzenoid steroid hormones. BLocu in 1945 administered ceuterium-labelled 
cholesterol to a pregnant woman and recovered significant quantities of the 
isotope in the sodium pregnanediol glucuronidate isolated from the urine. He 
calculated that approximately 35 per cent of the material excreted during the 
24-hr. period had originated from the cholesterol given. This was considered 
to be evidence of the conversion of the exogenous sterol to progesterone since 
pregnanediol excretion had been shown to increase after injection of this 
hormone (VENNING and Browne, 1937). Recently ZAFFARONI and co-workers 
(1951) perfused isolated bovine adrenals with C’-cholesterol and found radio- 
activity in the 17-hydroxycorticosterone and cortisone recovercd from the 
perfusate. Cholesterol, therefore, can be a precursor of at least some steroid 
hormones. 

CLAESSON and HiILuarpP (1947) and Fauck (1953) noted a connection between 
the deposition of cholesterol in the interstitial cells of the ovary and evidence 
of estrogenic activity in the rat. CrLarson et al. (1948) thought that this 
relation indicated that cholesterol is a precursor of estrogens in the ovary. 
The evidence is at most only suggestive and is not supported by isotopic 
studies. 

HeaArp et al. (1954) injected a mare with a large dose of 4-C'*-cholesterol 
and isolated both the neutral and phenolic steroids. While the neutrai 
steroids gave a count of 67,875 cts. per min. and the ketonic steroids had 
30,000 cts. per min., estrone had no activity. Since, as previously mentioned, 
activity was found in estrone after the injecticn of radioacetate it seems 
doubtful! that cholesterol is a significant intermediate in estrogen synthesis. 

Even though cholesterol can be a precursor of nonbenzenoid steroid hor- 
mones, this does not prove that it is an obligatory intermediate. ZAFFARONI 
et al. (1951) and Hecurer e? al. (1953b) compared the activities of the different 
cholesterol fractions and of 17-hydroxycorticosterone after the perfusion of 
isotopic acctate and isotopic cholesterol through bovine adrenal glands. The 
activity of the hormone was only about 0-4 that of the adrenal free cholesterol 
after the cholesterol perfusion, but was 6-4 times that of the free cholesteroi 
after acetate perfusion. They postulate that there may be an intermediate 
between acetate and the hormone which is also involved in cholesteroi synthesis 
and degradation. 

Several factors make the experiment inconclusive on this point, however. 
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First, the steroid was isolated from the perfusate while the cholesterol fraction 
which would be the precursor was isoiated from the gland. There is no way, 
therefore, tv xnow the activity of the 17-hydroxycorticosterone being released 
from the gland at the moment the activity of the cholesterol was measured. 
Since no time study was run, it is impossible to know whether activity in the 
fractions was rising or had reached equilibrium. The postulate of a common 
intermediate on the basis of the greater activity of the hormone also includes 
a rather improbable assumption: that all of the free cholesterol is in the same 
metabolic pool as the hormone. Considering the distribution of cholesterol and 
its solubility characteristics, this seems unlikely. If a minor proportion of the 
free cholesterol (or of cholesterol ester) were an obligatory intermediate in the 
synthesis of the hormones and the balance were relatively inert, the results 
would be similar to those obtained in this experiment. 

On the basis of his experiments Brapy (1951) also qvestioned the necessity 
of cholesterol as an intermediate in testosterone synthesis. — acetate was 
incorporated into cholesterol during incubation with testis slices, the radio- 
activity of the sterol was not so great as the probable activity of the testo- 
sterone and did not increase when chorionic gonadotropin was added to the 
incubation mixture while the amount of activity in the testosterone spots 
increased about tenfold. Since the slices were from normal testes, however, a 
large proportion of the chclesterol ret was in the germi inal epithelium 

ls (PERLMAN, 1951), and therefore definitely 
librium with testosterone. Also the argument 
ido 


rather than in the interstitial cel 
out of the metabolic pool in equil 
based on the differential effect of g 
specific activities were not determine: 1, al the greater amount of activity may 
sstosterone of the same specific 


tropin is open to quescion since relative 


simply have represented increased amounts of t 
activity. Thus, the work which raises questions regarding the obligatory 
character of cholesterol as an intermediate in the synthesis of the steroid hor- 


mones is inconclusive. 


Fig. 4. Enzymic reactions invclved in the biosynthesis of the nonbenzenoid 
steroid hormones from pregnenolone. 

IV: progesterone; VI: testosterone: VII: 4-androstene-3,17-dione; VIII: 118-hydroxy- 
androstenedione (4-androsten-118-ol-3,17-dione); IX: l1-des xycurticosterone; X: corti- 
costerone; XI: cortisonc; XII: 17-1 ydroxycorticosterone; XIX: pregnenolone (5- 
pregnen-33-ol-20-one); . XX: 17-hydroxypregnenolone (5-preguen-32,17a ]-20-one); 
XXI: dehydroepiandrosterone (5-androsten-33-ol-17-one); XXII: 5-androstene-33,17£- 
diol; XXIII: 17-hydroxyprogesterone (4-pregnen-172-ol-3,20-dione); XXIV: 17-hydroxy- 
11-desoxycorticosterone (4-pregnen2-172,21-diol-3,20-dione); XXV: 11-hydroxyprogester- 
one (4-pregnen-11-ol-3,20-dione}; hydroxy-11-desoxycorticosterot mene- 
68,21-diol-3,20-dions); XXVIII: nosterone (4-androstene-3,11,17-trione). 


3 involved in biosynthesis of hormones. 
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Probal:e distribu 


Enzymes 


High 
Adreaa! Cortex : A, B, E, F. C. F?,G, H? 
Testis . . A,B,C, D. E. F, G. 
Corpus Luteum and Placenta * B, E, F 
*® No direct evidence. Based on small amounts of products seemingly 


requiring the specific action. 
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Tke steps by which cholestercl might be converted into steroid hormones 
ere unknown at this time. All the tissues which form these hormones contain 
both C,, derivatives of cholesterol and C,, steroids. but no compounds vith 
intermediate numbers of carbon atoms. This may signify that the six carbon 
atoms are split off as a unit. 

SaMvELs ef al. (1951) reported that all tissues which secreted non-benzenoid * 
steroid hormones contained enzymes which would oxidize a 3f-hydroxy com- 
pound to a 3-ketone (Enzyme A, Fig. 4) in the presence of diphosphopyridine 
nucleotide (DPN). Thus, 5-pregnen-3f-ol-20-one (XIX) would be converted 
to progesterone, or dehydroepiandrosterone (XXI) weuld be converted to 
4-androstene-3,17-dione (VII). The enzymic activity seemed qualitatively the 
same in all the tissues: testis tissue would form progesterone from pregnen- 
olone and adrenal tissue would form 4-androstene-3,17-dione from dehydro- 
epiandrosterone. A wide range of other tissues was tested for this enzymic 
activity with negative results. It appeared that this was a generai step in 
the synthesis of the steroid hormones. HE-MREIcH ef al. (1953) studied the 
substrate specificity of the system. Only a 38-hydroxy group will be oxidized. 
The ring structure must be flat (androstane or allopregnane nucleus, or A°>- 
unsaturated structure) and a ketone or hydroxyl group must be present at 
either C-17 or C-20. Bryer and SAMUELS (1954) have investigated the distrib- 
ution of the enzyme within the cells of the adrenal cortex. It was found pre- 


dominantly in the microsomes. 


C. Late steps in biosynthesis 


Though the early steps in steroid hormone biosynthesis are only dimly under- 
stood, the further conversions of the 21 carbon skeleton are fairly well worked 
out. 

1. Biosynthesis of adrenal hormones: WecutTer and co-workers (1949) demon- 
strated that when bovine adrenal glands were perfused with blood containing 
ACTH, the perfusate contained increased amounts of several steroids known to 
occur in the adrenal glands. The greatest changes were in the amounts of 
17x-hydroxycorticosterone (XII) and certicosterone (X). They then perfused 
the glands wi-h various steroids which might conceivably be intermediates 
(Hecuter et al. 1951). Wher 5-pregnenolone (XIX) was added to the perfusate 
increased amounts of progesterone (IV), corticosterone (X), and 17a-hydroxy- 
corticosterone (XIT) were found. Progesterone yicided 17«-hydroxyprogesterone 
(XXIII), corticosterone, 17x-hydroxycorticosterone, and small amounts of 
118-hydroxyprogesterone (X XV). 17a-Hydroxyprogesterone yielded enly 17z- 
hydroxycorticosterone, and 11-desoxycorticosterone (IX) yielded only corticos- 
terone. 17a-Hydroxy-11-desoxycorticosterone (X XIV) gave only 17«-hydroxy- 
corticosterone. A series of reports from this group on the products obtained 
after perfusion of beef adrenals with various steroids has appeared recently 
(JEANLOZ ef al., 1953; Levy ef al., 1953; Meyer, 1953a, 1953b; Meyer et al., 
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1953a, 1953b). On the basis of these results the investigatois postulated the 
following sequence of reactions in the adrenal glands: 


cortisone 
17z-hydroxycorticosterone 
17x-hydroxyprogesterone — 17x-hydroxy-11-desoxycorticosterone 


5-pregnen-3f-ol-20-one —> progesterone -» 11-desoxycorticosterone 
corticosterone 


These workers concluded that hydroxylation of carbon-21] prevented the intro- 
duction of a hydroxyl group at position 17; thus two major products resulted, 
corticosterone and 17-hydroxycorticosterone, the proportion depending on the 
relative activity of the 17-hydroxylating system. 

Soon thereafter the oxidation of carbon-11 by adrenal slices and homogenates 
was demonstrated by several groups of workers (Enzyme F). Hayano et al. 
(1949), Savagp ef al. (1950), McGrrty ef al. (1950), and Kauwt and Werttstern 
(1951) all were able to convert 11-desoxycorticosterone (1X) to corticosterone 
(X) and 1!7-hydroxy-11l-desoxycorticosterone (XXIV) to 17-hydroxycorti- 
costerone (XII) in such preparations. Hatves (1952) also obtained 68-hydroxy- 
11-desoxycorticosterone (X XVI) from 11l-desoxycorticosterone. The 11-keto 
derivatives were isolated in small amounts by several of the groups. 

Not only could added substrates be oxidized at carbon-11 by tissue minces 
and homogenates, but the formation of both corticosterone and 17-hydroxy- 
corticosterone from endogenous substrates was also demonstrated in such 
preparations. SAFFRAN ef al. (1952) did not find much formation by adrenal 
slices alone, but when ACTH was added the production of glycogenic corticoids 
during incubation of adrenal slices was markedly increased. Since the rate of 
formation was related to the concentration of ACTH over a considerable range, 
they recommended this incubation as an assay for the pituitary hormone. 
HorrMan ef al. (1952) incubated fresh adrenal homogenates in a medium 
containing 1 per cent glucose and found measurable formation of both corti- 
costerone and 17-hydroxycorticosterone. The addition of either fumaric acid 
or ascorbic acid approximately doubled the yield. The action of the two was 
different: fumaric avid increased the oxygen consumption of the tissue and 
primarily enhanced the 11-oxidation; ascorbic acid was effective in the absence 


of oxygen and did not specifically increase oxidation at carbon-11. When both 


were included, the action appeared additive. 

Sweat (1951) fractionally centrifuged homogenates of beef adrenals in 
0-SS M sucrose and found that all of the 11-hydroxylating activity was present 
in the mitochondria. Using 17-hydroxy-11-desoxycorticosterone as substrate, 
he found that fumarate was necessary and that the optimum pH was near 7. 
He did not find that adenosinetriphosphate (ATP) enhanced the activity. 
Hayano et al. (1951) independently confirmed the presence of the 11-hydroxy- 


lating enzyme in the mitochondria. 
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A more extensive study by Hayano and DorFruan (1953) has more com- 
pletely characterized the 11-hydroxylating enzyme system. When washed 
fresh adrenal mitochondria were used as the source of the enzyme only Mg and 
fumarate were essential for the reaction, as originally stated by Sweat. They 
also confirmed Sweat regarding optimum pH, finding it to be 7-4 when free 
desoxycorticosterone was used as substrate. When they used mitochondria 
prepared from glands stored for several weeks in the freezer, however, they 
found that DPN and ATP were also necessary. Apparently these were suffi- 
ciently firmly attached to the mitochordria to survive the original washing but 
were destroyed in the stored glands. 

Substrate specificity was also studied. To react, a C,, steroid must have an 
alcohol group at C-21 and a ketone group at C-20. Reduction of the A‘*-double 
bond decreases the rate of reaction somewhat. Conversion of the ketone group 
on carbon 3 to an alcohol markedly decreases the rate and the additioaal 
reduction of ring A to the saturated alcohol practically stops the reaction. If 
the «,8 unsaturated system is present in C,, compounds, together with a ketone 
group et carbon-17, the reaction will go rather rapidly. Reduction of the 
17-ketone to a 17-hydroxy group decreases the rate, and reduction of ring A 
as in androsterone prevents the reaction. 

In 1952 PLacer and SaMveELs reported the hydroxylation of C-21 by adrenal 
homogenates (Enzyme E). Both the enzyme system involved in this reaction 
end that hydroxylating C-17 (Enzyme B) were described by these workers in 
1953 (PLAcER and SamMveELs, 1953a). These enzymes were in the supernatant 
after the mitochondria were centrifuged down, thus preventing hydroxylation 
at C-11. When progesterone was incubated with such preparations the products 
were 11-desoxycorticosterone and Compound § of Reichstein (17-hydroxy- 
11-desoxycorticosterone, XXIV). When desoxycorticosterone was incubated 
with the supernatant, however, no Compound § was formed. Either compound 
when incubated with adrenal mitochondris yielded its respective C-11 hydroxy- 
lated derivative but not that of the other. Thus the sequential relations indi- 
cated by HECHTER seem to be confirmed by the studies of individual enzyme 
systems. Sequential incubation with supernatant and mitochondrial prepara- 
tions was used to convert 4-C'*-progesterone to 4-C'-17-hydroxycorticosterone 
(PLAGER and SAMUELS, 1953b). 

The series of oxidations iust described does not account, however, for all of 
the products of the adrenal glands. HercuTer et al. (1951) found 5 spots on 
their chromatograms of adrena! perfusates which were more polar than 17- 
hydroxycorticosterone. These were present in the blvod before perfusion but 
were increased threefold when the blood containing ACTH was passed through 
the isolated bovine glands. Busn (1951) reported that such unknown com- 


pounds often made up the grester portion of the steroids in dog adrenal vein 


ce 


blood. He also found three such spots in chromatograms of the “amorphous 
fraction” from advena! extracts (Busn, 1952). These compounds absorbed 
ultraviolet light and gave yellow fluorescence with sodium hydroxide, indicating 


a A‘-3-ketone structure. These same spots were observed in chromatograms of 


410 


j 
} 
4 
2 


The Biosynthesis of the Steroid Hormones 


human peripheral blood by Brsn and SanpRERG (1953). Haywes et al. (1953), 
found that incubation of 17-hydroxycorticosterone with adrenal slices led to the 
formation of similar compounds. When cortisone was incubated with the slices, 
only the least polar of the three spots was formed. These compounds have nut 
vet been identified. Some of these may be 6f-hydroxy compounds since 
hydroxylation at this position has been shown to be catalyzed by adrenal tissue 
(Harnes, 1952). 

No one thus far has demonstrated the formation of 17-ketosteroids from 

C,, steroids in the adrenal glands. As wiil be discussed later, at least 
one other gland contains enzymes which will catalyze this reaction, however, 
and it may be that the system has not been looked for in the proper 
way. 
2. Biosynthesis of testicular hormones: When Ruzicka and Prevoc (1943) 
isolated 5-pregnen-3f-ol-20-one (XX) from testes its relation to the known 
andzvogens was obscure. Recent work has demonstrated that, as in the case of 
the adrenal cortex, the reactions in the testis can be followed from this com- 
pound to the known secretory products. 

As already mentioned, SamMvets et al. (1$51) had been able to convert preg- 
nenolone into progesterone with testis homogenates; dehydroepiandrosterone 
was also converted to androstenedione. They were not able, however, to 
identify any conversion of C,, steroids to C;, compounds. This apparently was 
because the conditions used were not optimal for the subsequent steps which 
we row know to take place. 

SLAUNWHITE and SamveE.s (1934) incubated 4-C™-progesterone with slices of 
testis from hypophysectomized rats which had been injected with chorionic 
gonadotropin. Thus the testicular tissue consisted largely or interstitial cells 
and connective tissue. When the lipid extract of the incubated material was 
chromatographed on paper by the Busx technique (Busu, 1953b), a number 
of radioactive spots was identified in addition to that of progesterone. One 
moved in two different systems with the same Ry value as 17«-hydroxyproges- 
terone (XXIII). Another showed the same chromatographic characteristics 
as 4-androstene-3,17-dione (VII) while a third moved like testosterone (V1). 
Another radioactive spot moved just ahead of corticosterone but has not been 
identified further. There was also radioactive material which was more polar 
than 17-hydroxycorticosterone. When 21-C'-progesterone was used as sub- 
strate a small amount of the isotope was found as carbon dioxide and much 
larger amounts were in the steam distillate of the acidified aqueous solution. 
It would appear, therefore, that the testis has enzymes similar to those in the 
adrenal cortex, except that those which hydroxvlate positions 11 and 2! are 


relatively inactive while that hydroxylating carbon-17 is quite active. It also 
has relatively high amounts of an enzyme (Enzyme C) which will split off the 
side chain of the 17-hydroxylated compounds to yield C,, compounds and 


short chain acids (see Fig. 4). 
If the sequence is as indicated, why have not progesterone and 17a-hydroxy- 
progesterone been isolated from testis extracts? Probably because steps A and 
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B in Fig. 4 are the slow steps in the synthesis and the products are further con- 
verted bc core significant amounts accumulate. 

3. Biosynthesis cf hormones of corpus luteum and placenta: Apparently the 
corpus luteum has relatively high concentrations of 38-ol aehydrogenase 
(SamvELs ef al., 1951). Thus its product is primarily progesterone. That other 
systems similar to those in the testis are present in low activity, however, is 
indicated by the work of Katsu (1950). He transplanted dissected corpora’ 
lutea and ovaries into the seminal vesicles of castrated male rats and found 
androgenic activity associated with luteinization. Also, when bovine corpus 
luteum tissue was incubated with 11]-desoxycorticosterone, 6$-hydroxy-11- 
desoxycorticosterone (X XVI) was isolated (Hayano ef al., 1953). This is the 
same compound found by Haryes (1952) as one product of the incubation of 
desoxycorticosterone with adrenal slices. Probably low activities of other 
enzymes found in the adrenals will be discovered. 

The reactions by which the placenta synthesizes its steroid hormones are 
poorly worked out. SAMUELS et al. (1951) demonstrated the presence of the 3f-ol 
dehydrogenase in this tissue. The isolation of 38-hydroxy derivatives of alio- 
pregnane and pregnerne by PEARLMAN and Cerceo (1952, 1953) indicates that 
precursors similar to those in the other glands are available. The recent report 
of Jonnson and Hatrnes (1952) that a small amount of adrenal-like metabolic 
activity is present in lipid extracts of the placenta, together with the evidence 
that the levels of plasma 17,21-dihydroxy-20-ketosteroids rise steadily during 
pregnancy to about four times the normal value (GEMzELL, 1953), raises the 
possibility of the presence of low activities of certain of the hydroxylating 
systems. This is supported by the work of Hayano et al. (1953) who found 
evidence of a more polar reducing substance after incubation of 11-desoxy- 
corticosterone with beef placenta. Much needs yet to be done on this tissue 
which can produce such large quantities of both C,, and C,, compounds. 

4. Biosynthesis of estrogens: No work on the synthesis of estrogens from other 
steroids in vitro has been reported. The chemical work with radioacetate has 
already been mentioned. After injection of 1-C'-acetate, HEARD and co- 
workers (1954) found that the specific activity cf estrone was about twice 
those of the two more unsaturated compounds, equilin and equilenin. Equilenin 
was somewhat less active than equilin. When C'!-estrone was injected no 
activity was found in the more unsaturated estrogens. It seems probable, 
therefore, that estrone is not a precursor of equilin and equilenin. 

5. Summary: As the results stand at present, it seems that the nonbenzenoid 
steroid hormones are formed by a similar series of reactions, the differences 
being in relative activities of certain enzymes involved in the later stages of 
synthesis. Thus, they appear to be formed from 2-carbon units, perhaps via 
cholesterol. The «,f unsaturated ketonie system in ring A is common to all 
these hormones. Its formation is due to an enzyme requiring DPN as hydrogen 
acceptor which seems to be the same, or very similar, in all the sites of synthesis. 

In the adrenal cortex there are enzymes which carry out hydroxylations at 
positions 17, 21 and 11, and perhaps others. In the testis the 17-hydroxy 
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enzyme and a side chain-splitting enzyme predominate, while in the corpus 
luteum and placenta, catalysis of oxidations cther than that in ring A is rela- 
tively smali. When proper conditions are achieved, however, small activities 
of nearly all the hydroxylases can be demoustrated in ail these tissues. 

The synthesis of the estrogens, while perhaps resembling that of the non- 
benzenoid steroids in the early stages, apparently is not simply a further un- 
saturation of the non-benzenoid steroids. In the mare, at least, the aromatic 
rings seem to be derived from sources other than acetate, and cholesterol does 
not seem to be involved. Further, the more unsaturated estrogens, equilin and 
equilenin, do not seem to be formed from estrone. Much needs to be done with 
the in vitro systems to unravel! this problem. 


III. Transport or Sterorip HoRMONES 


As pointed out in the introduction, one criterion of a hormone is that it is 
transported from the gland of origin to the target cells by the blood. We have 
already cited the evidence for the presence of increased concentrations of 
certain compounds in the blood flowing from the adrenal glands, testes and 
placenta. In the case of the adrenal hormones these compounds have been 
measured in the peripheral circulation (NELson and Samuets, 1952; Sweat 
and FARRELL, 1952; Morris and 1953; and SANDBERG, 
1953), and the androgenic, estrogenic and progestational activities of the peri- 
pheral blood have been determined biologically (Womack and Kocn, 1932; 
FLUHMAN, 1934; SzeEco and Rogperts, 1947; Hooker and Forses, 1947). 
These compounds seem easily extractable, yet the free steroids (not esterified) 


df the urine are piactically inactive when tested biologically; only after acid 


or enzymic hydrolysis are significant amounts of active compounds obtained. 
Even then, in the case of the non-benzenoid hormones, only traces of the 
original steroids are found. Most of the urinary steroids are not found in the 
endocrine glands. This conservation of the steroid hormones is due in large 
part to their ability to form complexes with the plasma proteins. Here again, 
as in synthesis, the non-benzenoid group appears to differ from the estrogens. 

The steroids of the adrenal cortex, testis and corpus luteum appear to be 
only loosely bound in the blood since they can be readily extracted therefrom 
with lipic solvents (Voct, 1943; Reicu ef el., 1950; Busy, 1951; Busu and 
SANDBFRG, 1953; West ef al., 1952; Hooker and Forsss, 1949). They appear 
to be almost entirely in the plasma (Hookek and Forsss, 1949; Busu, 1951; 
NEtson and SaMUELS, 1952, ZANDER, !954), but may penetrate the cells when 
drawn blood is allowed to stand (E1k-Nes, 1953). 

Biscuorr and Pityorn (1948) were the first workers to demonstrate clearly 
that these compounds are not wholly free, but combine loosely with serum 
proteins. They showed that testosterone, progesterone and estradiol are more 
soluble in blood serum than in physiological salt solutions. The increase in 
solubility was almost as great if serum albumin sclutions were used which were 
equivalent in concentration to the albumin in the serum. The globulin fractions 


of bovine serum had little influence on steroid solubility. 
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E1x-NEs and co-workers (1954) have studied this combination of steroids 
with serum albumin. Both dialysis and solvent partition experiments show 
that the bound steroid is in equilibrium with the free steroid dissolved in the 
aqueous solvent. The binding is in part electrostatic, increasing with the 
number of polar groups. Position seems important since binding ie particularly 
increased by the presence of polar groups at each end of the planar steroid 
molecule, approximately 20 A apart. Ionie strength has little effect, the 
binding of the steroid apparently being much stronger than that. between serum 
albumin and such ions as chloride. The binding force, but not the number of 
binding groups, increases markedly between pH 6 and 9, probably indicating 
the involvement of imidazol groups on the protein (SCHELLMAN ef al., 1954). 
On the other hand, a large portion of the binding energy appears to be due to 
van der Waals forces. SCHELLMAN ef al. interpret these facts as indicating that 
the binding involves the breaking of specific tertiary bonds in the folded 
albumin molecule with the steroid acting as a bridge between the separated 
groups. 

While the binding of steroids is increased with increasing polarity, the effect 
is not so great as on the binding of water. Consequently, when an aqueous 
serum albumin solution is saturated with a more polar steroid, the total amount 
dissolved is greater but the ratio of bound to free steroid is lower. Thus more 
free 17-hydroxycorticosterone is found in the urine compared with its 
concentration in plasma than are any of the other non-benzenoid steroid 
hormones. 

The free steroids of adrenocortical origin in peripheral blood are similar to 
those reported in the adrenal vein blood except for proportionateiy higher 
amounts of the 11-Xeto derivatives. Bus and SanpBere (1953), using paper 
chromatography, identified 17-hydroxycorticosterone as the major component, 
with cortisone next (about 1/5 the concentration), and corticosterone only 
appearing irregularly. In addition there were 3 spots absorbing ultraviolet 
light which moved more slowly than 17-hydroxycorticosterone and one which 
moved near the Ry of corticosterone but which was not this steroid. Sweat 


et al. (1953) using partition chromatography on silica gel and measurement by 
rescence, found 4-2 to 5-8 zgm per 100 ml plasma of a com- 


sulphuric acid fluores 
pound behaving like corticosterone and 7-8 to 12:8 ~gm per 100 ml plasma of 
17-hydroxycorticosterone. Morris and WILLiAMs (1953), using column chroma- 
togrephy and polarographic estimation, reported more than half as much corti- 
costerone as 17-hydroxycorticosterone. In addition, they found about the 
same proportion of cortisone as Busy and SanpBeERG, and an equa) amount of 
11-dehydrocorticosterone. This seems to indicate that oxidation of the 11f- 
hydroxy group on the hormones vriginally secreted takes place somewhere 
outside the gland of origin. 

The discrepancy between the findings of Busu and SanpgBere and the other 
two groups regarding the regularity of occurrence and the amount of corti- 
costerone is at present unresolved. The former workers point out, however, 
that on their paper chromatograms there is an unknown substance moving 
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very near corticosterone which might not be separated by the two types of 
column chromatography used by the other groups, and which might give 
fluorescence and a polarographic wave similar to this steroid. Final decision 
regarding the quantitative relation of corticosterone in human peripheral blood 
must await better identification of the material being measured. 

Tkus far no one has succeeded in measuring the levels of free testicular 
hormones in the peripheral blood. Conjugated 17-ketosteroids have been 
determined but these wiil be discussed under catabolism of the steroids. 

The form of the circulating prog»stins is still uncertain. Hooker and Forses 
(1949) and Forses (1950, 1951), using their rather specific bioassay, have 
reported relatively high concentrations, equivalent to 1 to 8 .gm progesterone 
per ml plasma, in human, monkey, and rabhit blood during the luteal phase 
of the cycle and in pregnancy. As in the case of the cortical steroids, the 
material appears to be almost entirely in the plasma and in the free form. It 
has already been noted that Epcar (1952), using paper chromatography, has 
identified progesterone in the ovarian vein blood of the ewe and Bort e al, 
(1951b) have obtained polarographic evidence of it in placenta! blood. Recently 
ZANDER (1954), using an elegant micromethod (ZANDER and SmmMeEr, 1954), not 
only succeeded in measuring progesterone in the peripheral blood during the 
last half of pregnancy, but actually isolated a sufficient amount of the pure 
compound to establish its identity by infrared spectra. The levels found, 
4-29 ugm per 100 ml p!zsma, were much below those reported using the bio- 
assay of Hooker and Forbes; it would seem, therefore, that either the biological 
action of progesterone is potentiated by some substance in the blood extracts 
or there is also some other active compound present. In any case, both the 
biological and chemical data fit with the concept of a steroid hormone bound 
to protein but in equilibrium with the free steroid in solution. 

As in the case of synthesis, the estrogens appear to be in a class apart, the 
benzene ring conferring new properties on the steroid molecule. Szeco and 
Roperts have studied the characteristics of the circulating estrogens, using 
the uterine weight assay of Asrwoop (1938). Approximately two-thirds of the 
estrogenic activity is not extractable with organic solvents but can be separated 
completely by dialysis; the dialysate, however, must be subjected to acid 
hydrolysis for recovery (Szeco and Roberts, 1946; RoBERTS AND SZEGO, 
1946). The bound material was found entirely in the £-globulin fraction III-0 
of Conn et al. (1946). The estrogen obtained after acid hydrolysis had the 
solubility characteristics of estriol. They therefore concluded that the circu- 
lating estrogen was estriol conjugated with some hydrophilic group which 
formed an equilibrium complex with a specific £-lipoglobulin. 

RoBERTS and Szeco (1947) observed that the response of the immatvre rat 
uterus to an intravenous dose of estrogen was markedly reduced by evisceration 
or partial hepatectomy. On the other hand, the response was significantly 
greater than normal during rapid liver regeneration. On the theory that the 
estroprotein complex might be formed in the liver, and that this was the active 
form of the hormone, they carried out incubations of i6-C'-estradiol with liver 
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tissue in citro in the presence of blood serum. The serum-bound estrogen 
increased. When other tissues were substituted for liver no such increase in 

bound estrogen was observed. Regenerating liver was more effective than 

normal liver. The isotopic steroid could be dialyzed from the protein but 

could not be extracted with ether until the dialysate had been heated with 

strong acid (Szeco, 1953). As a result of these experiments, SzEco and Rogerts 

(1953) postulate that the estrogens are secreted from the ovaries as the free . 
steroids but are conjugated with a hydrophilic group in the liver which is 

bound to the ITII-0 fraction of the 8-globulins, and that this estroprotein is the 

form ia which the steroid is transported to the target cells. The conclusive 

experiment, injection of the biosynthesized estroprotein into an eviscerated 

ovariectomized female rat, has not been reported. 

The blood is not an entirely inert medium as far as the steroids are concerned. 
Biscuorr and co-workers (1951) have shown that red cells contain systems 
which will hydrolyze conjugated estrogens. Free estrone was converted into 
biologically more active material, probably estradiol (Biscnorr et al., 1952). 
They also report that rabbit red cells can oxidize the 17-ol group of testosterone 
or reduce the 17-ketone of 4-androstene-3,17-dione (Biscuorr ef al., 1953b). 
Hooker and Forres (1949) reported that the progesterone-like activity deter- 
mined by their bioassay disappeared rapidly in plasma stored at 37°, but 


Epcar (1953), using a chemical assay, could not confirm this. This is another 
observation which suggests that the bioassay is not dependent on progesterone 
alone. 

Meyer (1953a) was able to recover an average of only 78 per cent of added 
cortisone when bovine blood was aerobically incubated for 3 hours. After 
incubation the extracts showed spots corresponding to the tetrahydro com- 
pounds formed by reduction of ring A to a saturated alcohol. E1x-Nes (1953) 
had also observed disappearance of 17-hydrexycorticosterone en incubatien of 
plasma at body temperature. The reaction has a high temperature coefficient, 
being very slow at 22° and insignificant at 2°. It may well be that similar 
reactions occur with the other steroid hormones; they have not yet been 
studied. While such reactions probably occur slowly in the blood under physio- 
logicai conditions they do not play a major role in the metabolism of the 
hormones. Other tissues are much more active in the inactivation and removal 


of hormones. 
IV. CATABOLISM OF THE STEROID HORMONES 


A. Introduction 
The inactivating metabolism (or catabolism) of the non-benzenoid steroid 
hormones was reviewed recently by SamueLs and West (1952) and the material 
covered therein will be only briefly dealt with as a framework for understanding 
the more recent literature. 

The large number of steroids isolated from human urine (RoMaNorr ef al, 
1953b), most of which are not known to be secreted by an endocrine g!and, bears 
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eloquent testimony to the many reactions which these compounds undergo in 
the animal body. No attempt will be made to list all of the steroids isolated 
from urine which might be connected with specific hormones; only those will 
be mentioned which have been definitely shown to increase after injection of a 
specific hormone. Neither will those steroids be considered which have been 
found in increased quantity in the urine of patieuts with tumors of the endocrine 
glands since in many cases the symptoms produced indicate abnoriral function, 
and this may be true in greater or lesser degree for all. Often the products in the 
urine appear to be metabolic products of substances which are found in extracts 
of the gland but whick have not been demonstrated to be secreted. These 
precursors may escape into the circulation normally in small amounts but, in 
many cases, their major function seems to be as intermediates in the synthesis 
of the known hormones. Maay have no known physiological action and there- 
fore cannot be considered hormones; their excretion products, consequently, 
do not fall within the scope of this review. A masterly consideration of these sub- 
stances and their probable relationships is given by LiEBERMAN and TeIcu (1953). 

The most widely used method of studying the catabolism of the steroid 
hormones has been the isolation and measurement of urinary steroids after the 
administration of iarge amounts of hormone. This has many drawbacks. The 
increased output of a given steroid may be due to the effect of the injected 
compound on the metabolism of steroids from some other source. Even though 
the compounds measured in the urine do come from the metabolism of the 
administered substance, the ratios of one product to the other cannot be 
interpreted as normal since they are produced in the presence of excess sub- 
strate, and different enzyme systems may become limiting. Then too, only one 
route of excretion is examined, and it is rare to recover as much as 50 per cent 
of the administered dose. In spite of this, important information has been 
obtained. The list of steroids found in increased amount in the urine after the 
administration of the hormones indicates that the major reactions are reductive. 
That oxidative reactions also occur is plain from the fact that androsterone and 
etiocholan-3z-ol-17-one, which have a ketone group on carbon-!7, are the cor- 
pounds which are increased most after the administration of testosterone. It 
is also obvious that conjugation plays an important role since almost all of the 
steroids in the urine are combined rather firmly with groups which render them 
water-soluble. 

Xecently the preparation of steroid hormones labelled with isotopes has per- 
mitted a great improvement in this technique. Doses can be used which are 
within the estimated normal level, and more than one route of excretion can 
be examined. When carbon is used as the isotope, any labelled compound can 
be considered a product of the metabolism of the hormone, since when we refer 
to metabolic products it is ordinarily understood that we mean the carbon 
skeleton. The information obtained by overall experiments, even with isotopes, 
still leaves much to be desired, however, since nothing is known of the routes 
by which the changes were brought about, or where they occurred. 

We have already seen that some changes can occur in the blood itself, but 
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these are relatively slow and could not account for the rapid conversions after 
administration of certain steroids. We must, therefore, look elsewhere for 
active enzyme systems. To know where steroids undergo changes in the body 
three techniques have been used. In one the steroid is implanted in an area 
where the blood flows to one major organ and the biological effect is compared 
with that of a similar implant in an area where the blood enters the general, 
circvlation. A second is the perfusion technique, used so effectively in exploring 
the process of biosynthesis. The third is the use of isolated tissue slices, homo- 
genates, or protein fractions. This method permits a more detailed study of an 
individual reaction but tells only what can happen. Its significance in the 
metabolism of the steroids in the intact animal can only be judged by com- 
parison with the overall excretion studies and the results of impiantation. 
The results of tissue studies indicate that the liver appears to be the major site 
of these reactions, with the kidney playing the next most prominent part, and 
other tissues also showing activity. 


B. Metabolism of 


Until recenily, most of the work on the metabolism of the estrogens depended 
on biological assay for measurement of change. This was because of the very 
low concentrations in biological material under normal conditions. The phenol- 
sulphonic acid reaction of Koper (1931) and its various modifications made 
possibie the chemical measurement of estrogens. It was applied to the estima- 
tion of estrogens in the urine of pregnancy by VENNI‘G ef al. (1937), but coul 
not be used for the estimation of the small quantities excreted during the 
normal menstrual cycle. SzEco and SaMUELs (1943a) applied a modification of 
the original method to the study of the interconversions of the estrogens by 
placental and uterine tissue. LirBERMAN ef al. (1952) developed a method 
involving the coupling of a chromophore group with the phenolic hydroxyl of 
the estrogens for studies with liver tissue. 

It was not until Bates and Conen (1950) called attention to the intense 
fluorescence oi estrogens in the presence of concentrated sulphuric acid alone, 
that it became feasible to measure amounts similar to those normally excreted 
by the mature woman. Unfortunately fluorescence in strong sulphuric acid is 
not a reaction limited to the estrogens; it is quite non-specific. Highly specific 
methods of isolation were necessary beforo the technique couid be applied to 
biological material. While considerable progress has been made, there is no 
system of purification yet where the bioassay of the product is not lower than 
the fluorescence value. The best methods are the countercurrent procedure of 
ENGEL et al. (1950), and the paper chromatcgraphy techniques (Busn, 1953b). 
These, toyether with the use of isotopic steroids, should help in the elucidation 
of estrogen metabolism. Much of the work, however, depends on bioassay, and 
can only be interpreted chemically from solubility data and knowledge of 
alterations in structure which destroy estrogenic activity. 

1. Overall metabolism: From human urine the compounds estrone (I), 17f- 
estradiol! (II{) and estrivi (1,3,5-estratriene-3,168,17f-triol} (II) have been 
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isolated. In addition, 17a-estradiol (X XIX}, equilin (XXX) and equilenin 
(XX XI) have been found in pregnant mares’ urine (Fig. 5). 

Only traces occur as free compounds, most being present as conjugates. 
Estrone sulphate was isolated from mares’ urine by ScHacnTer and MARRIAN 
(1938), and estriol giucuronidate was isolated from human pregnancy urine by 
ConeN and Marrian (1936). Estrone glucuronidate was found by OnEson 
and CouEN (1951) to be the major conjugate of this steroid in the urine of 
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Fig. 5. Estrogens and proestregens. Route of probable metabolism in the 
hurnan and rabbit indicated. 


pregnant women. Beer ef al. (1953) administered 16-C™-estrone and 16-C™-. 
17f-estradiol to women and found that most of the radioactivity in the urine 
was released by f-glucuronidase. A sinall amount was separated in the acidic 
fraction; the balance was phenolic. It seems, therefore, that glucuronic acid is 
the major hydrophilic group conjugated with estrogens in the human being. 
When 17/-estradiol, the compound isolated from hogs’ ovaries, is injected 
into humans of either sex, many werkers have found that the amounts of 
estrone and estriol are increased. In rabbits increased amounts of 17«-estradiol 
have also been found. If estrone is injected, increased amounts of 17f-estradiol 


and estriol are found, and again in the rabbit, 17a-estradiol (Srroub, 1939). 
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When, however, estriol is injected, the only estrogen which is found in increased 
quantity is estriol itself (Dotsy ef al., 1942; Prscus and Zant, 1937; ScHILLER 
and Prxcvs, 1943). None of the three other possible isomers of estrioi (16x,178; 
162,17«; or 168,17«-) have been isolated from natural sources. On the basis 
of these overall studies the following general sequence has been postulated for 
maminals other than the equine: 


17f-estradiol = estrone -> estriol-3,168,178 
172-estradiol 


The bile apparently plays an important role in the excretion of the estrogens. 
CanTAROw ef al. (1943) found estrogenic activity in the bile of dogs and women. 
The concentration in the human bile was much greater than in samples of 
blood taken at the same time. Evidence for enterohepatie circulation was 
obtained when 17f-estradiol introduced into the intestine appeared in the bile. 
When Bock.acE ef al. (1951) administered 17-C'-methylestradiol to rats by 
stomach tube most of the material appeared in the bile during the subsequent 
two days; very little appeared in the urine. When the bile duct was ligated, 
however, most of the isotope was exercted as urinary steroids, but at a slower 
rate than in the intact animal. 

Do:sy et al. (1952) found that the radioactivity of 16-C'-estrone likewise 
appeared primarily in the faeces and not in the urine. LEBLoND (1951) studied 
the distribution of isotope following the injection of this labelled steroid into 
mice. About 2 per cent appeared as CO, in the expired air, 20 per cent was in 
the urine; the balance recovered was in faeces and bile. After acid hydrolysis, 
75 per cent of the activity in the urine was still water-soluble. The same was 
true of the faecal activity. Thus rupture of the cyclopentane ring and other 
extensive changes take place in the rodent, either in the tissues or by bacterial 
action in the gut. 

To what extent the estrogens secreted in human bile are ultimately eliminated 
in the faeces remains to be determined. These observations indicate, however 
that the rate of clearance of a steroid from the blood cannot be considered a 
measure of its conversion into other compounds unless biliary excretion of the 
original steroid has been ruled out. 

2. Metabolism by specific tissues: The first evidence of the role of the liver in 
steroid metabolism was obtained by ZonpEK in 1934. He found that a short 
time after a given amount of estrogen was injected into a mouse only a small 
fraction of tne biological activity could be recovered in extracts of the animal 
and its excreta. When the estrogen was incubated with mouse liver the activity 
was rapidly lost, but not when other tissues were employed. ZoNDEK claimed 
to have prepared an azetone-dried powder which would cause this inactivation. 

Following these initial observations, many workers demonstrated the major 
role of the liver in the inactivation of the estrogens. Isract ef al. (1937) intro- 
duced estrone into the blood of a heart-lung-liver preparation of a dog and found 
that the estrogenic activity disappeared rapidly from the circulation; when, 
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however, the liver was eliminated from the circuit there was no measurable 
loss. The activity which disappeared could not be recovered by extracting the 
liver. Biskryp and Mark (1939) implanted pellets of various estrogens in the 
spleens of immature female rats. As long as the spleen remained in situ no 
estrus resulted; when, however, the spleen was transplanted so that the venous 
blood drained into the general circulation instead of into the portal system, the 
animals immediately weut into estrus. 

HELLER (1940) reported that when he incubated estrone or estradiol with 
rat liver slices under aerobic conditions, biological activity was lost. If CN- 
were introduced into the system, however, the biological activity of estrone 
was increased as much as twenty-fold while that of estradiol was unchanged. 
Since the maximum increase found was equivalent to the difference between 
the activities of estrone and of estradiol in the uterine weight assay, he inter- 
preted this as indicating that estrone was converted to estradiol in the presence 
of cyanide but further conversion to inactive compounds was inhibited. 

LIEBERMAN ef al. (1952) used their colorimetric method for the estimation of 
estrogens to study metabolism of these steroids in vitro. The method gives 
almost equal colour intensity with estrone and 17f-estradiol but only about 
half the intensity with estriol. Incubation of rat liver slices with either estrone 
cr estradiol led to marked loss of colour. Estriol was destroyed, but not at as 
high a rate as the other two. While some of the apparent destruction of estradiol 
and estrone may have been due to conversion to estriol, it would seem that 
some estrogen was converted to non-phenolie products. TaGnon et al. (1952) 
found that human liver also caused the same type of changes. 

CorrevGE et al. (1948) using bioassay have investigated the inactivation of 
estrogens by liver homogenates. Oxygen and DPN were essential. The latter 
appears to be the only effective hydrogen acceptor. In an attempt to determine 
the intracellular location of the enzyme system involved, Rrece, and MEYER 
(1952) fractionated liver homogenates into nuclei, mitochondria, microsomes 
and supernatant fluid. They then studied the biological inactivation of 17- 
estradiol and estrone by each fraction. All preparations were incubated aerobi- 
cally in phosphate buffer containing nicotinamide with DPN as hydrogen 
acceptor. The whele homogenate was quite active, but none of the fractions 
alone was effective. When the heated supernatant was added to the micro- 
somes, however, full activity was restored. The supernatant could be replaced 
by riboflavin monophosphate (RMP). Apparently the enzyme is in the micro- 
somes, and requires both DPN and RMP for its action. 

Not all of the reactions which the liver carries on are degradative, however; 
some are synthetic. The range of compounds which, when injected into a 
castrate female, will produce symptoms of estrus, is quite wide. Even a com- 
pound like triphenylethylene is active. The original assumption was that the 
locus of action in the target tissue was relatively non-specific. EmmMens (1941, 
1942) compared the minimum effective dose of the various estrogenic compounds 


when applied directly to the uterus or vagina with that required subcutaneously. 
He found that the so-czlled estrogers could be divided into two groups: those 
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which were much more effective when directly apnlied, and those in which the 
direct dose was as large as the subcutaneous dose. He deduced that the iatter 
must require metabolism in some other organ before they could act as estrogens 
—‘proestrogens,”” while the former were the “true estrogens.” Later, SEGALOFF 
(1948) confirmed this deduction in the case of triphenylethyiene. Whereas much 
larger amounts of the true estrogens were required when introduced in the 
spleen than when given peripherally, the oppos‘te was true with triphenylethy- 
lene. Thus it appeared that the liver was the tissue which converted the pro- 
estrogen into an active estrogen. Recently this has been demonstrated with 
«,x-dimethyl-f-ethylallenolic acid (XX VII) (CouRRIER ef al., 1951). When this 
compound is fed to rats larger amounts of estrogenic activity are found in the 
excreta than would be attributable to the original compound. This is not due 
to bacterial action in the gut but depends on the presence of the liver. Appar- 
ently the original compound is absorbed, converted into estrogen as it passes 
through the liver, and considerable amounts of the estrogen formed are then 
excreted into the gut via the bile. 

The liver is not the only tissue, however, which has been demonstrated to 
cause changes in estrogens in vivo. HELLER (1940), using an increase in bio- 
logical activity as evidence, claimed that he obtained conversion cf estrone to 
estradiol in the presence of uterine or lung tissue with or without cyanide, and 
concluded that these tissues contained a reductive system similar to that in the 
liver but lacked the oxidative enzymes inhibited by cyanide. Biscuorr ef al. 
(1953a), also using the immature rat uterus for assay, have confirmed HELLER’s 
observations on the activity of uterus and lung tissue. Thev found that testis 
is also very active. Unfortunately neither group of workers made any studies 
of the chemical character of the more active steroid formed. The conclusion 
that estradiol was formed is based solely on the fact that the increased activity 
approached, but never exceeded, that of an equal amount of this steroid in the 
assay. 

Indirect chemical evidence of the conversion of estrone to estradiol by 
pregnant rabbit endometrium was obtained by Szeco and SaMvELs (1943b). 
Using analytical conditions under which estriol did not give a colour by their 


procedure, they found that incubation of estrone with this tissue led to a shift 
of chromogenic material from the phenolic to the non-phenolic fraction. This 
did not occur with endometrium of pregnant human uterus or bovine non- 
pregnant uterus. Apparently there are species differences in the metabolism of 
estrogens in the uterus. 

In summary, the estrogens apparently are largely converted into inactive 
compounds by the liver. They are also excreted in the bile. Other tissues, 
however, also contain enzymes which will catalyze the interconversion of estrcne 
and estradiol. The inactive excretory products have, so far, not been identified. 


C. Metabolism of progesterone 


1. Overall metabolism: When progesterone is injected into human subjects the 
amount of pregnane-32,20x-diol (XXXVI) excreted in the urine is increased 
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(Fig. 6). This compound is found in the urine of women during the secretory 
phase of the menstrual cycle and particularly during pregnancy (MakaRran, 
1929), times when the physiological action of the progestins is observed. When 
progesterone is administered to males or non-pregnant females only 10 to 15 per 
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Fig. 6. Probable normal routes of progesterone metabolism. 


cent appears as pregnanediol (SomMMERViLiE and Marrian, 1950a,5). In preg- 
nancy the recovery is 30 to 50 per cent of the injected hormone. Other steroids 
which have been found in increased amounts after administration of proges- 
terone are pregnan-3z-ol-20-one (XXXIV), allopregnan-3x-ol-20-one (XX XV) 
(MARRIAN end Govan, 1946), and allopregnane-3x,20«-diol (XX XVII) (KYLE 
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and MaeriaNn, 1951). The greater pcrtion of the injected progesterone remains 
unaccounted for, however. 

The development of an efficient synthesis of 4-C'*-progesterone by Fusimoto 
and PraGer (1953) in which the position of the isotope is definite, has helped 
in the study of progesterone metabolism. GALLAGHER (1954) administered 
4-C'4.progesterone to women and found that most of the radioactivity appeared 
in the urine as neutral steroids conjugated with glucuronic acid. After collection 
of urine for a total of 3 to 7 days only approximately 30 per cent of the injected 
activity was accounted for. 

RiecFu ef al. (1950), using 21-C'-progesterone, followed the metabolism of 

this steroid in rodents. Within a short time after administration, most of the 
radioactivity wes in the neutral non-saponifiable fraction of the intestinal 
contents and faeces. A small amount was in the urine and about 10 per cent 
was in the expired air. Apparently, in the rodent the side chain is split from 
progesterone to a certain extent. The rapidity of excretion in the rodent, the 
greater elimination in the faeces, and the presence of C-21 in the expired air 
have been confirmed by Barry ef al. (1952) and Grapy ef al. (1952). The 
latter workers used intramuscular injections and found a more prolonged 
elimination with a smaller proportion appearing as CO,, but otherwise the 
results were similar. 
2. Metabolism by specific tissues: GRapy et al. (1952) studied the role of the bile 
in the metabolism of progesterone in the rodent. They injected radioactive 
progesterone into rats with bile fistulas and found that all of the radioactive 
material probably reached the gut by way of the bile duct. If the bile duct 
were occluded the excretion was almost as rapid, but the urine was now the 
major pathway. When radioactive material was collected from the bile fistula 
of a progesterone-injected rat and introduced into the intestinal tract of 
another rat with a bile fistula the isotope appeared in the bile of this animal. 
Thus it would seem highly probable that normally some of the metabolites are 
reabsorbed and re-excreted, a hepatoenteric cycle as originally postulated for 
the estrogens by CanTarow ef al. (1943). 

A similar sort of cycle may also exist in the human. RoGrers and McLELLan 
(1951) isolated sma!l amounts of pregnanediol from bile samples of four patients 
after massive oral doses (500 mg) of progesterone, but the bile extracts showed 
no progestational activ ity, WIEST et al. (1954) injected 4-C'™-progesterone into 
a woman with a bile fistula but with clinically normal liver function. Within 
the next 24 hours 30 per cent of the injected radioactivity appeared in the bile, 
largely as a glucuronoside. The steroids present in largest quantiiy were reduc- 
tion products of progesterone; none of the original hormone was found. To 
what extent these steroids are reabsorbed, metabolized by iatestinal bacteria, 
or excreted in the faeces remains to be determined. 

Besides the observations on biliary excretion of the metabolites of isotepic 
progesterone, other evidence has been obtained that the liver is the principal 
organ involved in progesterone metabolism. Dosne (1944), Kocuaktray ef al. 
(1944), and Excec (1946), demonstrated that the hormone implanted in areas 
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drained by the porta! vein was less active than when placed in other regions. 
In 1949 SaMvELs reported that liver minzes would destroy the «,f unsaturated 
ketone structure as measured by the decrease in ultraviolet absorption at 
240 mu. WISWELL and SaMvELs (1953) studied this reaction in liver homo- 
genates. Oxygen was not essential for the reaction under the conditions used. 
The reaction was accelerated by metal-binding reagents, indicating that it was 
easily inhibited by some polyvalent metal. This distinguished it from a citrate- 
catalyzed system acting on testosterone. 

TayLor (1954) confirmed these findings. In addition, he demonstrated that 
DPN would increase the metabolism of progesterone by rat liver slices or homo- 
genates, contrary to the repert of Wiswell and Samuels. He isclated allopreg- 
nane-3,20-dione (XX XIII) and allopregnane-3a-ol-20-one, indicating that the 
first step in metabolism was a stericly directed reduction of the double bond, 
followed by a reduction of the ketone on C-3. 

This does not mean, however, that other tissues might not participate in its 
metabolism. Wrest ef al. (1954) injected 4-C'-progesterone intravenously into 
eviscerated rats and extracted urine and tissues at intervals thereafter. Within 
one hour a considerable amount of the steroid was in more reduced forms. 
Apparently other tissues have the capability of acting on the progesterone 
molecule. 

As mentioned in the discussion of overall metabolista, pregnane-32,20«-diol 
is the most abundant metabolite of progesterone so far isolated from human 
urine, yet it accounts for less than 20 per cent of the injected dose in normal 
men and women. GRANT and MarrIAN (1950) investigated the possibility that 
it, too, might be metabolized. When incubated with liver homogenates under 
aerobic conditions the stercid disappeared. This reaction required a source of 
oxygen and was not inhibited by cyanide. It was not, therefore, simply a 
reversal of the reaction studied by WISWELL and Samvets. From such incuba- 
tions, pregnan-3z-ol-20-one (XX XIV) was isolated (Grant, 1952). Since this 
steroid is present in the urine when progesterone is metabolized, the reaction 
studied by Grant probably represents a reversal of the last step in the con- 
version of progesterone to pregnane-3,20«-diol. 

At the present time the mechanisms by which progesterone is metabolized 
in the animal are very poorly understood. That reductive reactions play a 
significant role, as with other steroid hormones, seems certain from the urinary 
studies, but that other types of reactions may be equally important is certainly 
a possibility. 


D. Metabolism of androgens 


1. Overall metabolism: In 1933 Biuver reported that only a small fraction of 
the biological activity of an androgenic extract injected into a human male 
could be recovered in the urine of the recipient. Following the identification of 
testosterone in bull testes extracts both CaLttow (1939) and DorrMan and 
Hanitton (1939) injected testosterone propionate inte hypogonadal men and 
recovered increased amounts of androsterone (V) and etiocholan-3z-ol-17-one 
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(etiocholanolone) (XLIV; Fig. 7). Like the endogencus steroids, these were 
present as conjugates with sume hydrophilic group and could only be extracted 
with lipid sclvents after acid hydrolysis. After administration of the samc 


OH 


XXXVI XXAIX 


Catolzed \ DPN 


citrote 


vo 
6 
0 
XL XLU 
0 4 H 
| 0 0 
XLII Vv 
HO HO H \ 
OH 
XLVI 


Fig. 7. Probable routes of testis hormone metabolism. 
XXXVITII: 17a-methyitestosterone; VI: testosterone; XX XIX: transtestoste-one; VII: 
4-androsten-3,17-dione; XL: androstane-3,17-dione; XMLI: 4-androsten-3a-ol-17-one; 
XLII: etiocho!an-3,17-dione; XLIII: androstan-3-ol-17-one (epiandrosterone); V: an- 
drosterone; XLIV: etiocholan-32-ol-17-one; XLV: androstane-3a,17f-diol; ALVI: etio- 
cholane-3a,17a-diol; XLVII: etiocholane -3a,17 diol. 


hormone to normal women ScuILuer ef al. (1945) found the same two meta- 
bolites and possibly androstane-3a,178-dioil (XLV). Epiandrosterone (androstan- 
38-ol-17-one) (XLITI) was also found by Dorrman (1941) after injection of 
testosterone into a hypogonadal man. 

Dosrixer and LIEBERMAN (1950) administered 90 mg of testosterone daily 
for 45 days and were able to account for 50 per cent of the injected steroid as 
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increased output of various compounds. The distribution was: androsterone 
24 per cent, etiocholanolone 19 per cent, ardrostane-3,17-dione (XL) and 
etiocholane-3,17-dione (XLII) 1 per cent, androstane-3a,17f-diol (XLV) and 
etiocholane-3a,17f-diol (XLVII) 6 per cent. West et al. (195la) injected 
intravenously 100 to 200 mg testosterone dissolved in serum albumin solution 
into normal young men and recovered 72 to 76 per cent as excess 17-keto- 
steroids within 48 hours. Under these conditions no androstan-3f-ol deriva- 
tives were found and most of the material was recovered as androsterone and 
etiocholanolone glucuronides (WeEsT ef al., 1951b). In addition, 3,5-andro- 
stadien-i7-one was isolated. This could be formed easily from 4-androsten-3a- 
ol-17-one (XLI) during acid hydrolysis, and would indicate that the latter, a 
likely intermediate between 4-androustene-3,17-dione and the two saturated 
17-keto-3a-ol-steroids, was probably excreted. 

Considerable work has been done with isotopic testosterone of various types. 
In most particulars it has agreed with the chemical studies. GALLAGHER et al. 
(1951) injected 100 mg deuterium-labelled tectosterone into a man and collected 
the urine for three days thereafter. Deuterium was found in androstane-3, 
17-dione, etiocholane-3,17-dione, 2-androsten-17-one, androsterone and etio- 
cholanolone. The 2-androsten-17-one was an artifact formed from androsterone 
curing the acid hydrolysis. Twenty-six per cent of the isotopic hormone was 
accounted for as androsterone and 10 per cent as eticcholanolone. No excess 
isotope was found in the 8-hydroxy (epiandrostane) fraction. After intravenous 
infusion of 4-C'-testosterone into a man, 51 per cent of the radioactivity was 
recovered in the urine during the first day (GaLLaGHeR, 1954). When urine 
was collected for three days after a similar injection into a woman 77 per cent 
of the radioactivity was recovered, 90 per cent of which was a3 steroid glu- 
curonides. Again most of the isotope was in androsterone and eticcholanolone. 
It seems quite clear, therefore, that the major end products of testosterone 
metabolism are these two compounds, which are excreted as the glucuronides. 

The overall method has also been used to determine probable intermediate 
steps in testosterone i.etabolism. Since 4-androstene-3,17-dione would appear 
to be a possible key intermediate in the conversion, DorFmay and HAMILTON 
(1940) administered this compound to a hypogonadal man and found increased 
amounts of both androsterone and etiovholanolone. GALLAGHER and co- 
workers (1951) injected deuterium-labelled 4-androstene-3,17-dione and _ re- 


covered 43 per cent ea androsterone and etiocholanolone. It could, therefore, 


be an intermediate in testosterone metabolism. 

DorFMAN and Hamittron (1940) administered androstane-3,17-dione and 
androstane-3«,17f-diol as possible intermediates. Only androsterone, and not 
etiocholanolone, was recovered. The same was true when deutero-andro- 
stanedione was given (GALLAGHER ef al., 1951). It would appear, therefore, 
that once the double bond is reduced, no interconversion of the isomers can 
take place. Apparently the reduction of the double bond is not stericly specific 
and accounts for the two isomeric end products. 

Since in no ease has ali of the administered steroid been accounted for, and 
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since the diols which would result from reduction of androsterone and etio- 
cholanolone have been found after testosterone administration, it is obvious 
that the two major end products can be further metabolized. Probably the 
two !7-ketosteroids are found in largest quantity in the urine because they are 
conjugated rapidly and thus eliminated from the degradative systems. 

While the glucuronides are important conjugates of the steroids, the sulphate 
radical is also used. VENNING et al. (1942) isolated androsterone sulphate from 
the urine of a man with an interstitial cell tumour of the testis. Munson ef al. 
(1944) isolated dehydroepiandrosterone sulphate from the urine of normal 
young men. According to LIEBERMAN ef al. (1954) the 33-hydroxy-17-keto- 
steroids are all excreted as su!phates while the 3x-hydroxy-17-ketosteroids are 
generally conjugated as glucuronidates. 

The overall studies in human beings, therefore, indicate that testosterone 
can be converted to its fellow hormone, 4-androstene-3,17-dione after it is 
secreted, and that this compound is then reduced stepwise to androsterone 
and etiocholanolone which conjugate readily with glucuronie acid and are 
largely excreted as the glucuronidates. The work with isotopes would indicate 
that the reduction at the double bond is not stericly specific but that of the 
3-ketone is. 

Soon after the urine was recognized as a major route of excretion of steroid 
hormones in men, attempts were made to use laboratory animals for excretion 
studies. It was very quickly recognized that there are marked species differ- 
ences. Most domestic animals do not excrete significant amounts of the steroids 
found in human urine. The guinea pig and the rabbit excrete small amounts 
normally and show significant increases when steroid hormones are adminis- 
tered. The equine, as already noted, is unique in that it exceeds the human in 
number and amounts of steroids in the urine. Even the stallion is an excellent 
producer of estrogens. These species differences have been emphasized by the 
studies with isotopic steroids. 

Barry ef al. (1952) administered 4-C'-testosterone intraperitoneally to rats 
and mice. As in the studies of West ef al. (1951) on intravenously injected 
testosterone in human beings, the hormone was rapidly cleared from the circula- 
tion. The greater part appeared in the bile and was excreted in the faeces. 
While no isolations were carried out, the material ja both faeces and urine did 
not resemble either the conjugated or free forms of the metabolites of testo- 
sterone as found in human urine. The radioactivity was not extractable with 
ether after strong acid hydrolysis but was extracted with n-butanol. it could 
not de washed from this solution by 5 per cent sodium hydroxide and therefore 
wag not present as a conjugated acid. Obviously the metabolism of testosterone 
differs markedly in the rodent from that in man. Generalizations must not be 
jnade from one species to others without supporting evidence from all. 

2. Metabolism by specific tissues: Biskixp and Mark (1939) first demonstrated 
the role cf the liver in the metabolism of testosterone. They implanted pellets of 
testosterone in the spleens of immature and castrated rats. As long as the blood 
from the spleen flowed only to the liver through the portal vein there was no 
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androgenic action. When, however, the spleens were transplanted into the 
axilla or developed venous connections with the body wall, the rats immediately 
showed androgenic changes similar to those seen when the pellets were implanted 
under the skin. Dansy (1940) first obtained destruction of testosterone by the 
isolated perfused liver. CLark and Kocuaxtan (1944, 1947) incubated the hor- 
mone under aerobic conditions with rabbit jiver slices. Besides unchanged 
testosterone they were able to isolate 4-androstene-3,17-dione and a small 
amount of epitestosterone (4-androstene- 17«-ol-3-one) (XX XIX). Recently 
KocHAKIAN ef al, (1952a) reported similar conversions with homogenates of 
rabbit liver and kidney. The system seems reversible since KocHaktan ef al. 
(1952b) were able to obtain 4-androstene-3,17-dione from incubation of rabbit 
liver or kidney homogenates with epitestosterone. Niacin added to the homo- 
genate increased the conversion to the dione, indicating that DPN is probably 
the hydrogen acceptor (KocHAKIAN and NALL, 1953). 

SAMUELS ef al, (1947) used the absorption band at 240 my characteristic of 
the a,8 unsaturated ketones to measure changes in the conjugated system in 
ring A of testosterone, and the Zimmermann reaction to measure the formation 
of 17-ketones. Tissue minces cr homogenates were incubated with 1 or 2 zmols 
of the steroid in Krebs phosphate buffer, extracted with ether or other lipid 
solvent, and chromatographed on an aluminium oxide column. This gave 
steroid fractions sufficiently pure for the determinations indicated. Of a large 
number of rat tissues tested, only the liver and kidney were found to act on 
the hormone. Kidney tissue was much less active than the liver (West and 
SAMUELS, 1951). 

When liver slices or minces were used, there was first a decrease in the a,8 
uusaturated system and appearance of the 17-ketone group. The latter then 
went through a maximum and decreased. After long incubation both groups 
had disappeared (SAMUELS, 1949). 

When homegenates were used, there was very little effect until either di- 
phosphopyridine nucieotide (DPN) or citrate was added (Sweat and SAMUELS, 
1948). ‘The action of the two cofactors was not the same. The 17-ketosteroids 
markedly increased when DPN was added, sometimes exceeding the disappear- 
ance of the «,8 unsaturated system. When citrate was used, however, there was 
no appearance of 17-ketones. If both were added, the effect on the «,p un- 
saturated system was approximately additive while the appearance of 17-ketones 
was intermediate. Other members of the Krebs cycle which were tested would 
not take the place of citrate. 

The obligatory nature of the 17-oxidation in the DPN sequence and its un- 
importance for the citrate reaction was shown by LEVEDAHL and SAMUELS 
(1950). When 17«-methyltestosterone (XX XVIII) was used as substrate, thus 
blocking oxidation at C-17, DPN had no effect on the rate at which the «,8 
unsaturated ketone disappeared but citrate was still effective. 

Sweat et al. (1950) demonstrated that the DPN-activated enzyme was in 
the supernatant after high speed centrifugation. They fractionated the proteins 
with ammonium sulphate and found that the fraction in solution at half 
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saturation but precipitated by full saturation catalyzed only one reaction, the 
oxidation of carbon-17 with the reduction of DPN. 4-Androstene-3,17-dione 
and unchanged testesterone accounted for all the original substrate. Thus the 
sequence in this system seems to be first the oxidation of the 178-hydroxyl to 
a ketone, and then in the crude homogenate the reduction of the double bond, 
and ultimately, reduction of both ketones. The citrate-catalyzed system acts 
directly on the conjugated unsaturated structure in ring A without preliminary 
oxidation at position 17. 

In their original studies, SamvELs et al. (1947) did not find that rat prostate 
had any effect on testosterone. Recently WoTis and Lemon (1954), using 
human prostatic tissue, have reported that this also causes the disappearance 
of the ultraviolet absorption due to the a,8 unsaturated ketone system. The 
activity is much less than that of the liver, however. Whether this reaction 
has anything to do with the hormonal action of testosterone remains to be 
determined. 

The later steps in the metabolism of the androgens have been investigated 
by ScuNEIDER and Mason and by Kocnakian. EcHNEIDER and Mason (1948b) 
incubated androsterone with rabbit liver slices. They obtained androstane-3«, 
17f-diol as the main product, with small amounts of androstane-3,17-dione 
and epiandrosterone (XLIII). From etiocholan-3-ol-17-one they obtained 
etiocholane-32,17«-diol (XLVI), etiocholane-32,17/-diol, and etiocholane-3,17- 
dione. KocHaktan and APOSHIAN (1952) incubated the product androstane- 
3z,17f-diol with liver and kidney homogenates from rats, rabbits and guinea 


pigs. They isolated small amounts of androsterone, epiandrosterone and 
androstane-3,17-dione. This series of reactions, therefore, seems reversible. 


E. Metabolism of adrenal steroid hormones 


1. Overall metabolism: Several steroids in the urine have been considered 
probable metabolites of adrenal hormones because of the presence of oxygen 
at carbon-11. Others like dehydroepiandrosterone are present in the urine of 
castrate men and women and increased in the presence of adrenal hyperplasia 
and adrenal tumors. It was only with the availability of large supplies of 
cortisone in 1949, and of 17-hydroxycorticosterone in 1951, however, that the 
metabolism of the adrenal hormones could be studied adequately. It was scon 
clear that the strong acid hydrolysis usually used in isolation of steroids from 
urine would destroy the dihydroxyacetone side chain. If, instead, urine to 
which such compounds had been added was adjusted to pH 1 and allowed to 
stand overnight at room temperature little loss occurred. Urine so treated 
yielded larger amounts of compounds with the «-ketol side chain than urine 
extracted immediately without adjustment of pH. The amounts recovered by 
this procedure, however, were very small and showed cnly a rough correlation 
with the clinical condition of the patient. 

Not only were the amounts of steroids with the «-ketol side chain very small 
when normal] urine was extracted at pH 1, but the yields after administration of 
the cortical hcrmones were very low. When Daucuapay et al. (1951) compared 
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the yields by this procedure with those after hydrolysis with £-glucuroni- 
dase, the latter were more than ten times as great. Cox and Marrian (1953a) 
have also studied the types of conjugates present. There are small amounts of 
chloroform-soluble conjugates which are not split by #-glucuronidase, but the 
major portion of the compounds with z-ketol side chains are non-chloroform- 
soluble glucuronides. 

The development of a paper chromatographic technique for the separa- 
tion of polar steroids enabled Zarraront ef al. (1950) to demonstrate 
the presence of cortisone (XI), 17-hydroxycorticosterone (XII) and at least 
two more polar compounds in urine extracts. LIEBERMAN et al. (1950a) 
identified pregnane-32,17z,21-triol-1],20-dione (LII) (tetrahydrovortisone) 
(Fig. 8). Scuseter (1952a) also isolated pregnane-17«,21-diol-3,11,20-trione 
(XLIX) (dihydrocortisone). After administration of either cortisone or 17- 
hydroxycorticosterone all of these compounds plus 1i-ketoetiocholanclone 
(LV), 11f-hydroxyetiocholanolone (LIV) (Lieperman et al. 1950b, 1951; 
Mason, 1950) and the dehydration product, 9,11-etiocholen-3-ol-17-one (LI) 
(Bursters et al. 1953a,b) were increased. After oral administration of 17- 
hydroxycorticosterone the latter workers also isolated the product of reduction 
in ring A, pregnane-32,11f,17«,21-tetrol-20-one (L). LizBERMAN et al. (1951) 
reported that 113-hydroxyandrosterone (LIITI) was increased after cortisone 
but Bursters ef al. (1953a) were unable to confirm this. The major product 
is largely tetrai:ydrocortisone (LIT), evea after administration of 17-hydroxy- 
corticosterone (BcRSTEIN ée? al. 1953b). It appears, therefore, that this is the 
major excretion product and that it conjugates readily with g!ucuronic acid. 
After administration of cortisone or 17-hydroxycorticosterone the total yield 
of compounds having the dihydroxyecetone side chain is 25 to 35 per cent of 
the dose (TYLER 4f al. 1953). 

Another reaction was indicated by the studies of Mason (1948). When 
11-dehydrocorticosterone (XIII) was administered to two patients with 
Addison’s disease, pregnane-5x,20-diol-ll-one (LVIII) was isolated from the 
urine. This would involve reduction of the hydroxy! group on carbon-21 to a 
methyl group as well as the reduction of the 20-ketone to a hydroxyl. MARRIAN 
and co-workers {(Marrtan, 1951; Cox, 1952) have shown that normal urine of 
both sexes contains steroida! substances which yield acetaldehyde on oxidation 
with periodate. This would indicate that there are compounds present which 
have a hydroxyl on carbon-17 and an oxygen function on carbon-20 but a 
methyl group on carbon-21. Cox and Marrian (1953b) were able to isolate 
pregnane-3x,17z.20z-triol (LVII) as the major component. 

When 500 mg per day of either cortisone or 17-hydroxycorticosterone was 
administered by mouth to normal young men for five days no etiocholanolone 
or androsterone could be isolated from the urine (BURSTEIN ef al. 1953a, 1953b). 
Since these metabolites of the testicular hormones were present in normal 
amounts before the cortical hormones were administered, this suggests that 
either the production of hormones by the testis was depressed or that there 
was competition for some of the enzymes involved in their metabolism. 
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The isctope technique has not been used extensively in the study of the 
metabolism of the adrenal steroids because of the unavailability of proper 
labelled compounds. Fukusura et al. (1951) labelled 17a-hydroxyprogesterone 
(XXIII) with devierium by a catalytic exchange process. When this was 
administered some of the isotope appeared in the 17-ketosteroids, indicating 
that the side chain was split from a portion of the molecules. Since sach a 
reaction occurs in the testis and probably the adrenal cortex, this may have 
simply been due to penetration of the administered steroid into these glands. 
JALLAGHER (1954) has used cortisone labelled with tritium. Approximately 
79 per cent of the isotope was at carbon-16 where it would be unstable if the 
side chain were split off, 20 per cent was at carbon-4 and 5 per cent at carbon-21. 
When this material was given to humans, 50 to 90 per cent could be accounted 
for in the urine, largely as glucuronides. The side chain, therefore, was not 
split off from the greater portion. 

In addition to.the overall changes in the metabolically active hormones of 
the adrenal cortex, the metabolism of the 17-ketosteroids and the electrolyte 
hormone secreted by the adrenals must be considered. Aithough the adrena! 
17-ketosteroids have not been cleariy identified, GASSNER et al. (1951) obtained 
suggestive evidence of the presence of 118-hydroxy-4-androstene-3,17~dione 
(VIII) and adrenosterone (4-andrestene-3,11,17-trione) (XXVIII) in bovine 
adrenal venous blood. Savarp ef al. (1953) administered 100 mg of adreno- 
sterone per day for 10 days to a 61-year-old man and isolated the products 
thereof from the urine. The principal product was 118-hydroxyandrosterone 
(LILI). In addition, increased quantities of 11-ketoandrosterone (LVI), etio- 
cholane-3x,118-diol-17-one (LIV) and etiocholan-3x-ol-1],17-dione (LV) were 
found. As in testosterone metabolism, the reduction cf the double bead in 
ring A does not seem to be stericly specific, but the alcohols resulting from 
reductions of the ketones are solely 3x and !1/. 

Since the structure of the electrolyte regulating hormone, aldosterone, has 
been determined so recently, very little can be said about its metabolism. One 
significant observation has been made by LuerscHer ef al. (1953). Persons 
with oedema excrete increased amounts of a steroid (or steroids) having the 
same biological and chromatographic characteristics as this compound. 

From the overall studies described the following types of reactions are 
indicated: (1) reduction of the double bond in ring A, apparently stericly 
directed toward the pregnane (H at C-d cis) configuration, (2) reduction of the 
3-ketone to a 3a-ol, (3) reduction of the hydroxyl at carbon-21 to a methyl 
group, (4) reduction of the 2C-ketone to a 20a-ol, and (5) splitting off of the 
side chain with the formation of 17-ketones. In addition, it would appear that 
the system —OH = = O on carbon-l1 is reversible. Thus far there is no 
evidence, however, that the oxygen, once introduced in this position, can be 
eliminated. 

2. Metabolism in specific tissues: Burr et al. (195la) and Fasans et al. (1953) 
observed that the increase in 17-letosteroids which normally follows the ad- 
ministration of cortisone and 17-hydroxycorticosterone was reduced in hepatie 
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cirrhosis. Brown et al. (1954) have fcind that the removal of intravenously 
infused 17-hydroxycorticosterone is proportionate to concentration in both 
normal and cirrhotic subjects but that the rate of removal is definitely slower 
in the latter group. Levels of endogenous 17-hydroxycorticosteroids in the 
plasma of persons with hepatic disease are normal, but the ratio of conjugated 
to free steroids in the urine is markedly reduced (12: 1 to 20: 1 compared with 
normal ratios of 24: 1 to 60: 1), indicating interference with conjugation. 

The splenic implantation technique has been used to study the action of the 
liver on active adrenocortical steroids. BURRILL and GREENE in 1942 implanted 
single pellets of desoxycorticosterone acetate in the mesenteries of adrenalec- 
tomized rats. Those with small pellets died almost as soon as the untreated 
controls, although a group with subcutaneous pellets of the same size lived and 
gained weight. If pellets three times as Jarge were implanted mesenterically, 
however, the adrenalectomized rats survived longer. It appeared, therefore, 
that this steroid could be inactivated by the liver but that the capacity of the 
metabolic system was limited. 

NeEtson ef al. (1951) compered the levels of 17-hydroxycorticosteroids (those 
substances which have the dihydroxyacetone side chain) in femoral arterial 
and venous »lood of humans. There was no measurable removal by the leg 
tissues even when severely inflamed. The investigators did not determine, how- 
ever, whether ring A was affected. Netson and Harnpine (1952) also compared 
arterial and venous levels across various organs in the dog. Only in the case 
of the liver were significant differences found. The concentrations in the 
hepatic vein were always lower than ia the arterial biood, but those in the 
portal vein were higher. This has been covfirmed by Erk-Nes (1953). 

HeEcuHTER and co-workers have used the perfusion technique to study the 
metabolism of the cortical homones by the liver. They find that cortisone, 
17-hydroxycorticosterone, 11-desoxycorticosterone (IX) and 17a«-hydroxy-11- 
desoxycorticosterone (XXIV) all yield a variety of metabolites in a basically 
similar pattern. A series of chromatographic systems on paper was used to 
distinguish the products. On perfusion of cortisone they obtained 14 spots 
which gave reactions for the «-ketol side chain, 3 which gave the 17-ketosteroid 
reaction and 8 others which reacted with dinitrophenylhydrazine but did not 
have the «-ketol side chain. Other products which would not react with any 
of the colour reagents used might have been present (HECHTER ef al. 1953a; 
Caspi et al., 1953). The major products were allopregnane-3¢,118,17«,21- 
tetrol-20-one (LXIII), (LXiV), and 
allopregnane-3f,17«,21-triol-11,20-dione (LXV) (Fig. 9). Other products 
isolated and identified were allopregnane-3f,112,17,21-tetrol-20-one (LXII), 
17-hydroxycorticosterone (4-pregnene-118,17x,21-triol,3,20-dione), 4-pregnene- 
17«,208,21-triol-3,11-dione (LX) and adrenosterone (X XVIII). There was also 
some evidence that the two dihydro derivatives of cortisone (double bord 
reduced) were present. AXELROD and MILLFR (1953), using perfusion of rat 
liver, confirm the hydroxylation at C-11 and C-17, the formation of 17-keto- 
steroids, reduction in ring A to yield both the 3a- and 38-hydroxy compounds, 
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and reduction of the ketone group on C-11 to hydroxyl. They did not find the 
latter reaction reversible since, while cortisone yielded 17-hydroxycortico- 
sterone, incubation of the latter did not yield cortisone. 

The conversion of corticosterone to 17-hydroxycorticosterone by liver homo- 
genates has been reported by Fisz et al. (1953). Homogenates of kidney, héart 
muscle, and ovary were ineffective. 

ScHNEIDER and Horstmann (1951, 1952) have studied the metabolism of 
cortical steroids by tissue slices. Liver was by far the most active tissue, 
kidney was about 1/3 as active and adrenal homogenate showed slight but 
measurable activity, bused on disappearance of the a,8 unsaturated ketonic 
system. The same order was found when loss of reductive character due to the 
a-ketol side chain was the criterion. A number of other tissues was inactive. 
From incubation of desoxycorticosterone four metabolites were identified, all 
members of the allopregnane system. They were allopregnane-3f 21-diol-20- 
one (LXVIII), allopregnane-3«,21-diol-20-one (LXIX), allopregnane-21-ol-3, 
20-dione (LX VII) and allopregnane-38,20«,21-triol (LX-X) (ScHNEIDER, 1952b). 
Again both isomeric alcohols due to the reducticn of the 3-ketone were found 
while only the allo configuration at C-5 was identified. Similar derivatives of 
cortisone were isolated after its incubation. Either further metabolism of these 
hepatic metabolites takes place in other tissues or the isomerisms on C-3 and 
C-5 represent a species difference. The overall studies which yielded only 32-ols 
and pregnane derivatives were done in human subjects while tissues from other 
mammals were used in the ‘x vitro studies. 

Obviously a series of enzymes must he involved in the transformations. So 
far, however, only one system has been studied in any detail. AMELUNG et al. 
(1953a,b) have demonstrated the reduction of ]1-ketosteroids to 118-hydroxy- 
stervids with microsomes from liver homogenates. DPN, ascorbic acid, citric 
acid and oxygen stimulated the conversion; As,0;, NaCN and nitrogen 
inhibited it. 

While he has not isolated the system involved, SCHNEIDER (1953) has shown 
that the reduction of cortisone follows first order kinetics. The introduction of 
tetrahydrocortisone (pregnane-3a,17«,21-triol-11,20-dione) will partially inhibit 
the reduction, probably by mass action. It will also act as competitive inhibitor 
of cortisone in the glycogen deposition test. 

The dominant role of the liver in the metabolism of the cortical steroids is 
apparently important in the changes in concentration of these stcroids during 
acute stresses. TYLER ef al. (1953) have shown that the increase in voncentration 
of 17-hydroxycorticosteroids which occurs after heavy surgery is often more 
rapid and greater than can be produced vy maximal doses of adrenocortico- 
tropic hormone. These increases are associated with decreased bromsulph- 
thalein clearance, a measure of hepatic function. Em-Nes (1953) measured 
the output of 17-hydroxycorticosteroids from one adrenal of dogs before and 
after administration of febrile doses of a bacterial pyrogen. There was a 
transient increase which returned to normal within 45 minutes. The peripheral 
concentrations were maintained at high levels for a much longer period. He 
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then studied the effect of the pyrogenic dose on the levels of these steroids in 
the arterial, portal and peripheral blood. All increased, but the hepatic venous 
levels, which were originally lowest, rose most, the arterial next and the portal 
venous concentration least, so that they tended to approach a common value. 
This would be expected if removal of the 17-hydroxycorticosteroids, and con- 
sequently their reabsorption, were reduced. Since the adrenal steroids are anti- 
inflammatory and antitoxic, this would seem to be an auxiliary way of making 
higher concentrations available to the tissues in time of need. 

The results of all types of experiment seem to agree that the major catabolic 
reactions are reductive and that the products are increased in hydrophilic 
character by conjugation with glucuronic acid. An important exception is the 
splitting of the side chain from 17-hydroxy-20-ketosteroids. Apparently in lower 
animals, and perhaps in the human, the bile plays an important but unexplained 
role since large amounts seem to be excreted into the gut but reabsorbed 
later. 


F. The problem of dehydroepiandrosterone 


In 1934 BuTeNANDT and DaNNENBAUM isolated dehydroepiandrosterone from 
human urine. Along with it they also obtained 5-androsten-3-chloro-17-one, 
later shown to be an artifact produced from dehydroepiandrosterone curing 
the hydrolysis of the conjugates with strong hydrochloric acid. Dehydro- 
epiandrosterone and its reduction product epiandrosterone are the only C,, 
compounds in the urine which have the hydroxyl group at C-3 in the cis or 
B position similar to that in cholesterol. Like cholesterol, they yield insoluble 
digitonides, and this has been used as a means of determining them in urine 
extracts. Earlier observations indicated that 5 to 15 per cent of the ketosteroids 
in normal urine were of this type. In adrenal hyperplasia dehydroepiandro- 
sterone is increased and in some adrenal carcinomas makes up the greater 
part of the very high excretion of i7-ketosteroids. 

While Dorrman and Fisu (1940) isolated epiandrosterone in increased 
quantities from the urine of a man given testosterone, the work of GALLAGHER 
et al. (1951) and GALLAGHER (1954) with isotopes indicates that no significant 
amount of §-ketosteroids arises from this compound. It has been assumed that 
all of the 8-ketosteroids probably arise from the adrenal cortex, either directly 
or as metabolites of adrenal steroids. As already pointed out, however, the 
knowa hormones of the adrena! cortex, cortisone, 17-hydroxycorticosterone 
and corticosterone, do not yield dehydroepiandrosterone as a major urinary 
metabolite. The same is true for 11-desoxycorticosterone. 

Since dehydroepiandrosterone is so easily converted into other substances 
during boiling with strong acid, other methods of hydrolysis have been tried. 
Since its conjugation appears to be with sulphates (Munson et al., 1944), bacterial 


sulphatases have been tried but without great success. Using a system of 


continuous extraction during mile acid hydrolysis introduced by LizEBERMAN 
and Dosriner (1948), LreserMan ef el. (1954) found that the amount of 
f-ketosteroids, largely dehydroepiandrosterone, then represented 30 to 50 per 


437 


3 


Metabolism of the Steroid Hormones 


cent. of the total 17-ketostcroids. The total yield of 17-ketosteroids was also in- 
creased, indicating that the degradation of the B-ketosteroids in the standard acid 
hydrolysis had been sufficiently extensive to destroy their ability to react with 
the Zimmermann reagent. CoHEN and ONEsSON (1953), using dioxane-trichlor- 
acetic acid hydrolysis, also found that the proportion of £-ketosteroids in urine 
was much higher than heretofore assumed. MIGEON and PLAGER (1954) have 
found that dehydroepiandrosterone is the major 17-ketcsteroid in human blood, 
present as a conjugate similar tc, if not identical with, that in the urine. Where 
does this steroid arise? 

The products of the degradation of both the C,, and C,, steroids with the 
a, unsaturated ketone structure in ring A appear, in humans, always to be the 
3x-hydroxy derivatives. It seems, therefore, that dehydroepiandrosterone 
arises frora the metabolism of some other type of steroid. It has been noted 
that 5-pregnen-3f-ol-20-one plays a key role in the synthesis of the non- 
benzenoid hormones. If it were possible for this compound to undergo 17- 
hydroxylation and the 5-pregnene-3f,17«-diol-20-one (XX) so formed was acted 
upon by the side chain-splitting enzyme known to be present in the testis and 
probably present in the adrenal cortex, dehydroepiandrosterone (XXII) would 
result (LIEBERMAN and TerIcu, 1953). If this hypothesis proves true, this 
steroid must be looked upon as a hormone (see Fig. 4). 

This compound, as in the case of other steroids found as conjugates in the 
urine, can undergo further metabolism. Mason and KEPLER (1947) injected 
the acetate of dehydroepiandrosterone intramuscularly into patients who, due 
to adrenal deficiency, had no endogenous production. The major metabolites 
excreted were androsterone and etiocholanolone. Since the hydroxyl group on 
carbon-3 in these compounds is frans instead of cis, it is highly probable that 
the first step in this sequence of reactions was oxidation to 4-androstene-3,17- 
dione. From this point the catabolic reactions would be similar to those of 
testosterone. Some reactions on ring D apparently took place, however, with- 
out preliminary oxidation of ring A since they isolated small amounts of 
5-androstene-33,178-diol (LX-XI) and 5-androstene-38,16«,17f-triol (LX-XIT) 
(Fig. 10). The former would be a reduction of the ketone group similar to the 
conversion of androsterone to androstane-32,17$-diol while the latter would 
be the result of addition of water to the 16-enol form. SCHNEIDER and Mason 
(1948a) incubated dehydroepiandrcsterone with rabbit liver slices under aerobic 
ccnditions and isolated both 5-androstene-3,17f-diol and 5-androstene-32, 
16z,17f-triol. Probably, as in the case of androsterone and etiocholanolone, 
the reason that dehydroepiandrosterone appears in relatively large amounts in 
the urine is the ease with which it is enzymically conjugated. In this case the 


preferred acid group appears to be sulphate. 


G. General Summary 


Like most important functions in the living organism the maintenance of the 
steroid hormone environment is a complex and dynamic process. The reactions 
bear littie resemblance to the synthetic reactions of classical organic chemistry. 
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This is because energy barriers are bypassed by a aeries of enzymes specific for 
steroids. 

The non-benzenoid steroid hormones, like cholesterol, can be built up from 
two carbon fragments. Every tissue forming these compounds appears to be 
able to form them from simple units. Cholesterol itself can be converted into 
adrenal hormones by the adrenal glands but there is no conclusive evidence 
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Fig. 10. Metabolic products of dehydroepiandrosterone. 


that this step is essential in steroid hormone synthesis. The work of HEARD 
indicates that cholesterol is not a precursor of the benzenoid steroid hormones. 
Contrary to the supposition that they simply represent a further step in de- 
hydrogenation of the basic steroid nucleus, it seems that the benzenoid rings 
may not even arise from two carbon fragments, but have an origin entirely 
different from that of the saturated portion of the molecule. The isotope studies 
indicate that even equilin and equilenin are not simply steps in the further 
dehydrogenation of estrone, but originate independently. 

The first precursor which can be linked clearly to the steroid hormones is 
5-pregnen-38-ol-20-onc. The steps by which this compound can be converted 
into any one of the hormones have been demonstrated in isolated tissues as 
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discussed in the section on biosynthesis. The indications are that the differences 
between the enzyme systems of the placenta, corpus luteum, testis and adrenal 
cortex are quantitative rather than qualitative, and that specialization among 
these cells, which all arise from the region of the genital ridge, consists in 
development of the relative Cominance of certain enzyme systems. : 

The oxidation of the steroids at position 11 is a good example of the ease 
with which enzymes can carry out reactions which are very difficult by ordinary 
synthetic methods. Using non-enzymic methods, the introduction of oxygen 
in this position into such compounds as 11-desoxycorticosterone or 11-desoxy- 
17-hydroxycorticosterone is an involved process which requires the production 
of a double bond in a stable position of the steroid nucleus and subsequent 
specific hydration without overall disturbance of the more reactive groups. 
Yet this reaction occurs rapidly and quantitatively at 37°C in the presence of 
adrenal mitochondria and certain cofactors. In steroid metabolism the limiting 
factor is not the difficulty of the steroid reaction but the stability of the enzymes 
involved. 

Steric position of the alcohol group in ring A seems to determine the avail- 
ability of a steroid as a precursor of the hormones which contain the «,f un- 
saturated ketone structure in this ring. Only those with the 38 (cis) configura- 
tion will react with the dehydrogenases in the synthesizing tissues. On the 
other hand, the reducing enzymes of the liver form largely the 3x-hydroxy 
compounds. Thus there is little re-utilization. As a consequence, the factor 
which determines the output of any steroid hormone is the immediate con- 
centration of the pituitary or placental hormone which stimulates its 
production. 

The liver appears to be the major organ involved in the inactivating reactions. 
These reactions, with the exception of the splitting of the side chain and the 
oxidation of an alcohol group on carbon-17 to a ketone, appear to be reductive 
in nature. The steroids can be reduced as far as the saturated polyalcohols, 
perhaps farther. The major products found in the urine, however, are not 
carried to this state of reduction, probably because intermediates such as 
androsterone or tetrahydrocortisone are readily conjugated with such hydro- 
philic groups as glucuronic or sulphuric acid, and are thus filtered out. 

The ease of conjugation relative to the rapidity of further reduction reactions 
thus determines the form of the excretory products. As yet, no one has 
accounted for all of an administered steroid, even when isotope is used to 
identify amounts approaching the physiological range. Other reactions may 
form compounds which, while not important quantitatively, have significant 
physiological action. And no one has yet identified the form in which the 
hormone acts in the target tissue. Many problems still remain. But the work 
thus far indicates that many reactions involving steroids take place in the 
animal body, and that the turnover of any of these physiologically active com- 
pounds is very large in comparison with their concentration. The importance 
of the endocrine system in the adjustment of the organism to environment 


probably depends on this dynamism, 
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